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ABSTRACT

Author: Zhang, Lu. PhD
Institution: Purdue University
Degree Received: December 2017
Title: The Regulation of Calcium Oscillations in Porcine Eggs at Fertilization.
Major Professor: Zoltan Machaty
As the most abundant mineral in organisms, ionized calcium (Ca2+) plays a crucial role
in cellular signaling, regulating a great number of physiological activities. In this study, the
Ca2+ entry mechanism that sustains the long-lasting Ca2+ oscillations in fertilized pig eggs
was investigated. Porcine eggs matured in vitro were used for the experiments. In some
eggs, the intracellular Ca2+ stores were depleted using cyclopiazonic acid (CPA, a SERCA
pump blocker), others were inseminated with boar spermatozoa. To identify the mechanism
that mediates the Ca2+ influx, various inhibitors of store-operated Ca2+ entry (SOCE) were
used. We found that the inhibitors blocked the Ca2+ influx stimulated by the depletion of
the intracellular Ca2+ pool; they were also able to disrupt the sperm-induced Ca2+
oscillations. Then the involvement of the key SOCE components, STIM1 and ORAI1, and
their potential interaction in regulating Ca2+ influx was evaluated by expressing these
proteins tagged with various fluorophores in the eggs. Changes in the eggs’ cytosolic free
Ca2+ concentration were detected by a Ca2+ imaging system, while interactions between
the expressed fusion proteins was investigated using Fluorescence Resonance Energy
Transfer (FRET). Eggs overexpressing mVenus-STIM1 showed high-frequency Ca2+
oscillations when fertilized and high-frequency oscillations were also detected in fertilized
eggs co-expressing mVenus-STIM1 and mTurquoise2-ORAI1. In addition, these highfrequency Ca2+ oscillations could be stopped by ML-9, an inhibitor of STIM1, arguing for
an active role of STIM1 and ORAI1 in the process. Store depletion led to an increase of
the FRET signal in eggs co-expressing mVenus-STIM1 and mTurquoise2-STIM1, which
is consistent with STIM1 forming puncta after store depletion. A similar FRET increase in
response to a CPA treatment was also detected in eggs co-expressing mVenus-STIM1 and
mTurquoise2-ORAI1, indicating that the Ca2+ release was followed by an interaction
between the expressed proteins. Most importantly, in such eggs we were also able to

xiii

observe cyclic increases of the FRET signal indicating repetitive interactions between
STIM1 and ORAI1. The results confirm the notion that in porcine eggs, the interaction of
SOCE components STIM1 and ORAI1 is responsible for the maintenance of the repetitive
Ca2+ increases at fertilization.
In another line of experiments, the role of Mg2+ in the regulation of Ca2+ signaling was
investigated. We found that the Ca2+ influx stimulated by the mobilization of intracellularly
stored Ca2+ was significantly smaller in pig eggs when Mg2+ was present in the extracellular
medium. Furthermore, the addition of Mg2+ to the extracellular medium disrupted the
ongoing Ca2+ oscillations in a concentration-dependent manner. TRPM7, a non-selective
ion transporter with a kinase domain, may be involved in mediating the negative effects of
Mg2+ on Ca2+ signaling. When the eggs were treated with the TRPM7 inhibitor NS8593,
the Ca2+ oscillations stopped. Disruption of the signal was associated with an elevated
cytosolic Ca2+ level in the eggs. This Ca2+ rise was later proved to be the result of Ca2+
influx, as it could be inhibited by the SOCE blocker ML-9. Based on these results, we
concluded that Mg2+ negatively regulate Ca2+ signaling in eggs by indirectly inhibiting
SOCE. Overall, the current study provided additional evidences that SOCE is essential
during signaling in fertilized pig eggs. Clarifying the exact mechanism by which the sperminduced Ca2+ signal is regulated has far-reaching implications in assisted reproductive
technologies.

1

LITERATURE REVIEW

1.1

The starting of a life: fertilization

The mystery of how new organisms are generated has attracted human imagination
since ancient time and related information was collected to develop the theories of
reproduction from facts, folklore and myths. Our ancestors already started to use this
knowledge to domesticate animals and select them based on desirable traits. After the
seminal discovery of the fusion of the sperm and egg nucleus in sea urchin during
fertilization in 1876 [1], and with the development of modern science and scientific
techniques, researchers got the chance to investigate the process of fertilization at the
molecular level.
At fertilization two highly specialized gametes meet to unify their genetic information
and form a totipotent embryo, these events are perhaps the most unique and complicated
cell transformations in all organisms. The events that occur in the egg during fertilization
are collectively known as egg activation [2]. Right after ovulation, the cellular cycle of
eggs stops at the metaphase of the second meiotic division (MII), waiting for fertilization
in the fallopian tube. At this phase, eggs are in a special status when cortical granules (CGs)
are evenly distributed as a monolayer in the cortical cytoplasm, the cell cycle is arrested at
MII via the action of the cytostatic factor (CSF) that stabilizes the maturation promoting
factor (MPF), and the translation of maternal mRNAs is prevented [3]. All these changes
make the egg ready for the subsequent events of activation induced by the sperm.

1.2

Ca2+ oscillations drive egg activation events

After the sperm and egg meet, the sperm binds the zona pellucida, which triggers the
acrosome reaction. This leads to the release of enzymes stored in the acrosome that digest
a slit in the zona pellucida (ZP). The plasma membranes of the egg and sperm then fuse
together allowing the sperm to release its genetic material and other molecules into the egg.
Immediately after membrane fusion, the calcium ions (Ca2+) stored in the egg’s
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endoplasmic reticulum (ER) are released to induce cortical granule exocytosis inside the
egg. The cortical granules fuse with the PM and release their contents into the perivitelline
space. This hardens the zona pellucida and eventually establishes a barrier to prevent the
entry of additional sperm cells [4].
The resumption of the cell cycle is another important egg activation event initiated by
the Ca2+ signal after the onset of cortical granules exocytosis. To exit from the MII arrest,
the activity of the key cell cycle regulator MPF, composed of Cdc2 kinase and cyclin B,
needs to be downregulated [5]. Previous researches have demonstrated that in Xenopus and
mouse eggs, cyclin B degradation and sister chromatid separation are regulated by the
anaphase promoting complex (APC), whereas the activity of APC is controlled by Ca2+mediated activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII) [6]. In
mouse eggs, the sperm can induce Ca2+ oscillations-like changes in CaMKII activity [7].
There is evidence suggesting that the protein called early mitotic inhibitor 2 (Emi2),
identified in the yeast by a two-hybrid screen for proteins, can interact with catalytically
inactive Polo-like kinase (PLK1). Furthermore, PLK1 is required for APC activation
stimulated by CaMKII [8]. In addition, it was also found that the exit from MII induced by
Ca2+-activated CaMKII depends on the degradation of Emi2 [9]. Above all, at fertilization
oscillatory Ca2+ binds to calmodulin and form a CaM complex to activate CaMKII, and
then the active CaMKII phosphorylates Emi2 leading to the relieve of its inhibition of APC
to promote the resumption of the cell cycle.
At the growth phase of the oocyte, large amounts of mRNAs are accumulated in the
ooplasm. Toward the end of the growth phase gene transcription stop slowly before the
starting of maturation, because the nucleolus becomes surrounded by highly condensed
chromatin [10, 11]. Observations from several studies suggest that following fertilization,
transcription in embryos can fully resume at the 2

‑cell and
[12],
stagebetween
in m ice

the 4- and 8-cell stage in humans [13]. Thus, post-transcriptional regulation is probably the
primary way that controls all the changes during oocyte maturation and fertilization, to
ensure the storage and timely activation of maternal regulators needed for the egg-toembryo transition [2]. There are ample of data regarding how the maternal mRNAs switch
from repressed to active. To suppress the translation of some maternal mRNAs, their
poly(A) tails are shorter in the cytoplasm than that in the nucleus, and then for translation
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they need to be elongated (i.e., increased by more than 2-fold) [14-16]. It has been proposed
that mRNA polyadenylation is necessary to initiate translation [17]. The cytoplasmic
polyadenylation element (CPE) can bind to the CPE binding (CPEB) protein to regulate
polyadenylation of maternal mRNAs [18]. Recruitment of these mRNAs is associated with
the Ca2+ oscillations. In mouse eggs, when the number of Ca2+ oscillations are manipulated,
it was found that a single Ca2+ rise can only induce little mRNAs recruitment, but as the
frequency reach to 8, it can initiate the recruitment, and the recruitment became more
prominent when there were 24 oscillations [19]. Another study found that a prolonged
single Ca2+ rise is able to induce the synthesis of new proteins [20]. These results imply
that the total length of time of elevated Ca2+ is important to initiate normal protein
production in fertilized eggs. Moreover, the results of another piece of research show
that the expression of constantly active CaMKII can induce maternal mRNA recruitment
in mouse eggs [21] and in CaMKII gene knockout mouse, maternal mRNA recruitment
only occurs when accompanied by elevated Ca2+ levels and MII exit [22, 23]. Therefore,
CaMKII may participate in maternal mRNA recruitment to achieve this role as Ca2+ signals
target proteins at fertilization. It is still unclear how the changes in the concentration of a
single ion could regulate the translation of mRNAs and the direct link between CaMKII
and CEPB is still missing.
As described above, many protein kinases participate in egg activation events, through
regulating the activity of their downstream targets [24]. The research about the signaling
pathway driving the egg activation event has made dramatic progress, but the molecule
involved in each single event is not fully identified. In all the mammalian models studied
to date, the Ca2+ oscillations persist for hours and stop at the time of pronuclear formation
[25], and these egg activation events have shown temporal patterns, while it is not clear
what parameters of the oscillations control these differences.

1.3

Ca2+ signals at fertilization

The repetitive Ca2+ increase is the most unique and earliest detectable signal in eggs at
fertilization, which encodes the crucial information for the initiation of embryogenesis.
Since the time of the discovery of Ca2+ waves at fertilization, the forty years have seen the
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remarkable advances in the study about the mechanism regarding fertilization [26]. First,
it was observed that the unfertilized sea-urchin egg could be activated by inorganic
solutions of salt water to undergo parthenogenesis, cleavage and developing to early-stage
embryos [27]. In the following studies, it has been demonstrated that a Ca2+ signal is
required for fertilization. This was discovered by injecting specific chelators of Ca2+ ,
EGTA or BAPTA, into the cytoplasm eggs, leading to the prevention of Ca2+ increase and
egg activation [28, 29]. With the extraction of the calcium-sensitive protein aequorin [30],
the methods to measure Ca2+ in living cell were developed and allowed researchers to
measure the changes of cytosolic Ca2+ induced by sperm in medaka fish eggs in 1978 [26].
Since then, the sperm-induced Ca2+ waves have been determined to be essential for egg
activation in almost all species, such as sea urchins, frogs, medaka fish, hamster, mouse,
pig, bovine and human [31]. Furthermore, the initiation of the Ca2+ signal, oscillation
parameters and their termination have all been investigated.
As for the initiation of Ca2+ signaling, it has been determined that phospholipase C-zeta
(PLCζ) is the molecule that the sperm delivers into the cytoplasm of the egg to hydrolyze
phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG) [32-35]. The IP3 then binds its receptor (IP3R1) located on the
endoplasmic reticulum (ER), to release Ca2+ from the ER, which is followed by an influx
of Ca2+ mediated by the ion channels in the plasma membrane to replenish the intracellular
Ca2+ store and sustain the repetitive Ca2+ increases [36, 37].
Further studies found that the parameters of Ca2+ oscillations such as duration,
amplitude, and frequency are responsible for decoding information for the initiation of
normal embryo development [6, 20]. The most studied parameter is frequency. A study in
the mouse has found that 4–8 Ca2+ oscillations are necessary for the egg to complete the
exocytosis of cortical granules, an early event of egg activation, whereas for the later events
such as to exit from meiosis II and recruitment of maternal mRNAs 16–24 oscillations are
needed [19]. Likewise, when the egg showed too few oscillations in a global gene
expression analysis, it was found that about 20% of the transcripts were mis-regulated [38].
As for duration of the Ca2+ signal, it has been demonstrated that egg activation events can
be initiated by a single Ca2+ increase with a duration and amplitude similar to that of the
fertilization Ca2+ signal [20]. Meanwhile, in another study, when a single Ca2+ increase
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with the duration that equals to the sum of the individual durations of normal oscillations
was induced, a high percentage of fertilized eggs could develop to blastocysts [20].
Regarding the amplitude, a study using rabbit eggs found the necessity of a threshold
Ca2+ concentration to trigger MPF inactivation at fertilization [39]. Similarly, when the
Ca2+ level was above 600 nM, an fast and huge increase (about 6-fold) in APC-mediated
cyclin B1 destruction was observed, and for continuous cyclin B1 destruction, repetitive
Ca2+ spikes were required [40]. Another study reported that , Ca2+ oscillatory patterns in
aged eggs are altered including higher frequency but lower-amplitude Ca2+ transients, and
the eggs have lower developmental potential than recently ovulated eggs [41]. Collectively,
the parameters of the Ca2+ oscillations play key roles in the regulation of different egg
activation events. In spite of all these important functions of Ca2+ signals in the eggs at
fertilization, little is known about how the Ca2+ oscillations are sustained for several hours
after gamete fusion.

1.4

The Ca2+ channels that operate in the egg during maturation and fertilization

As the experimental evidence accumulated in the past decades, more and more channels
were identified with a role in the regulation of Ca2+ homeostasis and oscillations at
fertilization. In eggs, Ca2+ is distributed in both the cytosol and the endoplasmic reticulum,
an organelle that serves as the main intracellular Ca2+ store. At fertilization, for the first
Ca2+ transient, Ca2+ is released from the ER into the cytosol, and then the cytosolic Ca2+
level needs to drop to baseline levels by either re-entering the ER or being transported to
the extracellular space. Meanwhile it has been demonstrated that without the support of
external Ca2+, Ca2+ oscillations at fertilization run down and are terminated [42, 43]. The
Ca2+ cannot simply reenter the ER to maintain the oscillations and there need be channels
in plasma membrane with a role to conduct extracellular Ca2+ entry to replenish the
intracellular store. In somatic cells, after a fast rise, the Ca2+ is transported either back into
the ER by sarco/endoplasmic reticulum Ca2+ ATPases (SERCA pumps) to the extracellular
space through the transportation by the plasma membrane Ca2+ ATPase (PMCA pumps) or
the Na+/Ca2+ exchanger [44, 45]. Although these ion transporters may be critical for the
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sustaining the Ca2+ oscillations, there are relatively few studies available that focused on
addressing the functions of the channels that operate in mammalian eggs at fertilization.
The SERCA pump, an ATPase that is powered by ATP hydrolysis, actively transports
Ca2+ from the cell cytosol into the lumen of SR/ER. Analysis of the function of SERCA
pumps in egg was carried out by expressing the avian SERCA1 in Xenopus eggs, and an
increased frequency and shorter duration of IP3-induced Ca2+ rise was observed [46]. Also
in Xenopus, another study has observed the expression and reorganization of the SERCA2
protein in oocytes during maturation [47]. What’s more, it has been proposed that the Ca2+
released from the ER through IP3 receptors, is transported back by SERCA, leading to
recycling of Ca2+ between the ER lumen and the cell cytosol [47]. Likewise, the studies
using mouse oocytes have demonstrated that the SERCA pump is essential for
replenishment of the intracellular stores during Ca2+ oscillations and SERCA2b is
expressed and undergoes spatial reorganization throughout oocyte maturation, and the
overexpression of SERCA2b enhances ER Ca2+ uptake in oocytes and eggs [48]. In
knockout experiments, only wild-type and heterozygous offspring were generated due to
the fact that SERCA acts as an ER Ca2+ pump for ER in all tissues, so it is quite reasonable
that no null mutant would be able survive to birth [49, 50]. The above results strongly
suggest that the SERCA pump is the channel for the ER to take Ca2+ back, but studies in
other species are needed to build a deep understanding of these processes.
Besides re-entering the ER, the cytosolic Ca2+ can return to baseline level by the active
transportation of PMCA or the Na+/Ca2+ exchanger that transport Ca2+ to the extracellular
space [51, 52]. The functional expression of Na+/Ca2+ exchangers has been identified in
mouse eggs, which in media with high Na+ concentration can generate Ca2+ elevations
through reverse Na+-Ca2+ exchange [51, 53]. This has been observed in both immature and
mature oocytes, and it was found that immature oocytes were more sensitive to stimulations
[53]. It seems that the Na+/Ca2+ exchanger is more relevant to maintain the baseline level
of Ca2+ with its low affinity to the ion. The other Ca2+ transporter, the PMCA pump was
also identified in oocytes/eggs. A study in Xenopus found high levels of internalization of
PMCA in the plasma membrane during maturation which was proposed to be helpful for
maintaining a high Ca2+ level in the cell [47]. In mouse, when the PMCA1 gene was
knocked out, only wild-type and heterozygous mutants developed to term and survived at
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birth, but not the null mutant embryos which died at the preimplantation stage [52].
Therefore, it seems that PMCA is important for oocyte maturation and embryonic
development, but it is uncertain what role, if any, it plays at fertilization.
Many studies have proved that extracellular Ca2+ is crucial for the maintenance of the
oscillations at fertilization, but the identity of the channel through which Ca2+ enters the
eggs is not fully elucidated. Several channels have been found to be responsible for Ca2+
influx in cells; these can be categorized as voltage-gated and ligand-gated Ca2+ channels.
Voltage-dependent calcium channels (VDCCs) were identified in the membrane of
excitable cells, they are permeable to Ca2+, and later their essential role in many nonexcitable cells was also determined [54]. Now it is known that Ca2+ entry through VDCCs
is not only initiated by action potential, but also by stimulators such as hormones, protein
kinases, protein phosphatases, toxins and drugs [55]. Among the ten subfamilies of VDCCs,
CaV3.2 has been proposed to be functional in regulating Ca2+ entry in mouse eggs during
fertilization [56]. When the CaV3.2 gene Cacna1h was knocked out, Cacna1h−/− females
had reduced litter sizes, and the voltage-activated Ca2+ current was completely absent in
Cacna1h−/− eggs [57]. Following IVF, the evaluation of Ca2+ oscillations revealed that the
duration of first transient and the sum of the duration of all rises also decreased [57].
However, there were still Ca2+ oscillations in Cacna1h−/− eggs that lasted for 20 mins, even
more than 1 hour [57]. No data are available about embryo development of these fertilized
eggs. Thus, it can be speculated that CaV3.2 may participate in the regulation of the sperminduced Ca2+ oscillations, but it is not the major mechanism sustaining the long-lasting
Ca2+ signal in mouse eggs at fertilization.
There are also members of the transient receptor potential (TRP) family channels,
TRPV3 and TRPM7 that were reported to be active in mouse eggs and may play a role in
regulating the Ca2+ signal. TRP channels are weakly voltage dependent and are permeable
to mostly monovalent and divalent cations [58]. It has previously been observed that the
TRPV3 protein is translocated to the PM during the maturation of mouse oocytes, and 2APB at the concentration of 200μM promotes Ca2+ influx through TRPV3 channels without
blocking the IP3 receptor [59]. Another study found that the functional expression of
TRPV3 increases during oocyte maturation from GV to MII stages [60]. Pharmacological
activation of TRPV3 channels induces a massive Ca2+ entry leading to egg activation and
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it can mediate strontium-induced mouse egg activation [60]. The TRPV3 channel was then
proposed as the major mediator of Ca2+ influx in mouse eggs, but it turned out that TRPV3
deletion does not alter the sperm-induced Ca2+ oscillations. Even the function of TRPV3
in eggs is not totally clear, and currently it seems not to be required for fertilization. TRPM7
is another transient receptor potential ion channels that belongs to the melastatin subfamily.
TRPM7 has important functions in fertilization and embryo development which will be
discussed in another section.

1.5

STIM1-ORAI1 interaction controls store-operated Ca2+ entry

Besides the channels discussed above, many studies have attempted to examine the role
of ligand-gated Ca2+ channels in oocytes and eggs. These channels are composed of
transmembrane proteins that are able to transport Ca2+ into the cell from the surrounding
environment in response to stimulation from chemical messengers or ligands. Among these
channels, store-operated Ca2+ entry (SOCE) is the most studied one and its model has been
proposed for decades as the mechanism that links the depletion of Ca2+ from the
intracellular store to Ca2+ influx from the extracellular surroundings [61]. Numerous
studies performed in somatic cells to explain the process of SOCE has established a model,
according to which SOCE is regulated by an interaction between STIM1 and ORAI1.
The details of the process of SOCE at the molecular level has lately been established.
The interaction between the key components of SOCE, STIM1 and ORAI1 is responsible
for controlling the Ca2+ influx after store depletion. First, it was observed that Ca2+ release
from the ER was followed by the redistribution of STIM1, which occurred in parallel with
a pronounced increase in FRET (a method to indicate the distance between molecules)
between fluorophore-tagged STIM1 and ORAI1 [62, 63]. STIM1 is a single-pass protein
located in the ER membrane; its expression is conserved from Drosophila to mammals [64].
STIM1 has a luminal EF-hand motif on its N-terminus that serves as a Ca2+ sensor, and
two coiled-coil domains on the cytoplasmic C-terminus that contain the STIM-ORAI
Activating Region (SOAR) [65]. Mutations in the EF hand of STIM1 resulted in impaired
capability of sensing Ca2+ and constitutive activation of SOCE channels [66, 67]. The
SOAR domain contains two putative coiled-coil regions (CC2 and CC3) and is believed to
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be a dimer [68, 69], part of a minimal SOCE Channel Activation Domain (known as CAD
or CCb9) [70]. In resting cells, through negatively charged amino acid residues, the EFhands bind to luminal Ca2+, while in the cytoplasm SOAR domains are concealed among
the large C-terminus of the STIM1 dimers [71]. Once Ca2+ is released from the store, a
decrease of the luminal Ca2+ level is sensed by the EF hand, which leads to a
conformational rearrangement of STIM1 [72, 73]. These changes then cause the unfolding
of the EF-SAM (sterile α motif) domain and extension of the cytoplasmic domains,
resulting in STIM1 oligomerization and relocation to ER-PM junctions [72, 73].
Furthermore, the extended domains get close enough to the plasm membrane, which make
it possible for the SOAR domain to be exposed and therefore bind to ORAI1 in the plasm
membrane, leading to the activation of ORAI1 to open the pore, and let extracellular Ca2+
enter the cell [69, 74].
The other key component of SOCE, the ORAI1 channel is a hexamer formed by six
ORAI molecules [75]. Each molecule is a four transmembrane-spanning protein with
cytoplasmic N- and C-termini. In each subunit, the first transmembrane domain (TM1) is
located on the N-terminus and forms the channel pore. The second and third
transmembrane domains (TM2 and TM3) are arranged tightly around the pore, while TM4
on the C-terminus has a helical extension believed to be the main site of interaction with
STIM1. The precise mechanism of the coupling between STIM1 and ORAI1 is still a
matter of debate, but recent research indicates that the channel is opened when the SOAR
dimer of the unfolded STIM1 molecules interacts with the STIM1 binding site on the
cytoplasmic TM4 extension of ORAI1 [76, 77]. The helical extension of TM4 is linked to
the TM3 domain through a five-amino acid segment called the “nexus”. Nexus is
responsible for transmitting information from the external STIM-binding site to the core of
the channel: it propagates the conformational change caused by STIM1 binding to the
tightly clustered TM3/TM2/TM1 domains, ultimately leading to the rearrangement of the
pore and opening of the channel for Ca2+ entry.
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1.6

The roles STIM1 and ORAI1 in oocyte maturation and fertilization

The studies in recent years provide more evidences that SOCE may play a crucial role
in Ca2+ oscillations in eggs at fertilization. The STIM1 expression has been determined in
Xenopus, mouse, and porcine eggs and it plays functional roles in SOCE in these cells [7881]. The mobilization of Ca2+ from the ER can cause a Ca2+ influx in immature Xenopus
oocytes [82] and mature eggs of the mouse and pig [83, 84]. This Ca2+ influx could be
suppressed when the expression of STIM1 was disrupted by siRNAs [80, 85]. Similar to
the results in somatic cells, in resting conditions, STIM1 exists predominantly in the inner
cytoplasm of the egg, while in response to store depletion, its relocates to the plasma
membrane [80, 86, 87]. In mouse, fertilized eggs showed an obvious and rapid relocalization of STIM1, which is identical to that found in eggs undergoing pharmacological
Ca2+ store depletion [78]. In addition, when the expression of STIM1 is down-regulated by
siRNAs, the porcine eggs could not show the Ca2+ oscillations at fertilization and suffer a
significant failure in embryo development [80]. Previous studies in our lab identified the
expression of ORAI1 in porcine eggs and that it was required to sustain the Ca2+
oscillations at fertilization [88]. It is still not clear whether SOCE is the main or only
pathway in eggs controlling the Ca2+ oscillations after gamete fusion and how STIM1 and
ORAI1 mediate SOCE in eggs during fertilization. It is likely that SOCE components play
important roles both during oocyte maturation and fertilization, but details of the regulatory
process are still unclear. Meanwhile, studies in somatic cells have provided a deep
understanding about how STIM1 and ORAI1 interact with each other. For the study
presented in this thesis, we investigated whether the mechanism of SOCE is also functional
in eggs at fertilization.

1.7

Using FRET to study protein interactions

Many researchers have utilized a technique called Förster (or Fluorescence) resonance
energy transfer (FRET) to detect the interaction between STIM1 and ORAI1. FRET is a
physical phenomenon that occurs only over very short distances, and hence FRET
technology is widely used to investigate molecular interactions. FRET is generally used
for quantifying the distance between two molecules tagged with appropriate fluorophores.
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The quantification is based on the process of non-radiative energy transfer that occurs
between two fluorophores if they are sufficiently close (typically less than 10 nm) to each
other. During FRET, a donor fluorophore in its electronically excited state transfers
resonance energy to an acceptor fluorophore. The most common FRET-based reporter pair
consists of cyan and yellow fluorescent proteins (CFP and YFP) as fluorophores. Upon
energy transfer, the acceptor enters an excited state from which it decays by emitting
fluorescence whose wavelength is longer than that of the donor’s emission. Therefore, by
exciting the donor and then detecting the relative fluorescence intensity of donor and
acceptor emissions over time, it is possible to establish when FRET has occurred. The
efficiency of the energy transfer is determined by the distance between donor and acceptor,
which makes FRET extremely sensitive to the interaction between molecules or
conformation changes [89].
Due to the high sensitivity, FRET is used extensively to visualize protein-protein
interactions or conformational changes in individual living cells [89, 90]. FRET has been
applied to detect the interaction between STIM1 and ORAI1 in somatic cells [62, 63, 9193]. So far, there has been several reports about the use of FRET to detect the
mitochondrial-lipid associations, cAMP changes and ATP consumption in mammalian
oocytes or eggs [94-96], but there is still no report regarding the application of FRET for
measuring protein activity in real time. The results in somatic cells indicate that this
powerful tool can be used to observe the interaction of proteins regulating SOCE in eggs
at fertilization.

1.8

Magnesium plays a crucial role in the regulation of Ca2+ signals

Magnesium ion (Mg2+) exists in all cell types and plays a pivotal role in regulating
numerous cellular activities through enzymes associated with the synthesis of DNA and
RNA. Mg2+ is involved in over 600 enzymatic reactions through about 300 enzymes that
using or synthesizing ATP, or those involved in the synthesize DNA and RNA [97, 98]. A
considerable amount of papers has reported that Mg2+ suppresses various Ca2+ transport
mechanisms in several cell types. Mg2+ inhibits Ca2+ influx through voltage-gated Ca2+
channels in frog neuromuscular junctions, guinea pig ventricular cells [99, 100] and cardiac
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myocytes [101], and blocks TRP channels [102, 103], NMDA receptors [104], ryanodine
receptors [105, 106], and hinder IP3-induced Ca2+ release and subsequent mitochondrial
Ca2+ uptake [107].
Considering the fact that Ca2+ drives the events of egg activation, it can be proposed
that Mg2+ may affect Ca2+ signaling and influence the Ca2+ oscillations at fertilization.
Long time ago, it was noticed that Ca2+ and Mg2+ in the medium are essential for spermegg fusion during IVF [108]. Recently it has been observed that reduced Mg2+
concentrations in IVF media benefits the cleavage of mouse embryos after IVF, both
embryo cleavage and blastocyst formation in cats and development of human embryos to
the blastocyst stage following intracytoplasmic sperm injection (ICSI) [109].
Although Mg2+ participates in many physiological activities, few mammalian Mg2+
transporters have been evaluated at the molecular level [110]. Among the recent Mg2+
transporters investigated, MagT1 and TUSC3 are required for cellular Mg2+ uptake and
embryonic development of zebrafish [111]. Downregulation of the expression of MagT1
and TUSC3 protein in embryos resulted in early developmental arrest, while the
supplementation of Mg2+ or mRNAs could overcome these effects [111]. The other Mg2+
transporter which has functions in the development of embryos is transient receptor
potential melastatin 7 (TRPM7). The TRPM7 is identified as a subgroup of Mg2+
transporters that serves as a non-selective cation channel conducting Mg2+, Ca2+, Co2+,
Mn2+, Ni2+ and Zi2+, but it also has an intrinsic kinase domain [112]. With the ion channel
and active kinase domains, TRPM7 is not only able to regulate cellular activities by
transporting ions into cells, but also by phosphorylating targeted proteins. A number of
studies have generated multiple mouse lines with a targeted deletion of the TRPM7 gene.
No live null offspring has been produced in the mouse with global deletion of TRPM7, and
further evaluation confirmed that the TRPM7null/null mice died prenatally, indicating that
TRPM7 is required for the embryonic development in the mouse [113, 114]. In another
study, the researchers conditionally disrupted TRPM7 in the mouse before and during
organogenesis, and found that the offspring had severe tissue-specific developmental
defects [115]. In addition, when the kinase domain of TRPM7 is mutated, the lethality of
early embryo is observed in the TRPM7∆kinase mice, but not in heterozygous mice [116].
However, these heterozygous mice showed symptoms of hypermagnesemia and the Mg2+

13

absorption in the intestine of these mice was abnormal [116]. From those experiments, it
became quite clear that TRPM7 is required for the regulation of Mg2+ homeostasis and the
development of embryos at the early stages.
It has been determined that the activation of TRPM7-like channels mediates Ca2+
entry in mouse oocytes and eggs, which is essential for fertilization [117]. It was also
demonstrated that the inhibition of this channel by small molecule impairs pre-implantation
embryo development and lower the percentage of blastocyst formation, which is consistent
with the results seen in knockout mice [117]. So in mouse eggs, the functionally expressed
TRPM7-like channels may be key factors in embryo development [117]. Similarly, another
study also demonstrated that TRPM7-like channels could support spontaneous Ca2+ influx
which was largely prevented by NS8593, a specific blocker of TRPM7, and the sperminduced Ca2+ oscillations were also impaired by the inhibitor [118]. Meanwhile, recent
studies reported that SOCE could be a novel target of TRPM7 kinase activity. When
TRPM7 was knocked out, SOCE in chicken DT40 B lymphocytes was greatly impaired
showing a reduced Ca2+ current after the depletion of the intracellular Ca2+ stores [119].
Similar results were observed when wild-type B lymphocytes were treated with TRPM7
inhibitors such as NS8593 or waixenicin, without TRPM7 representing a store-operated
channel itself. Further studies using kinase-deficient mutants proved that TRPM7 regulates
SOCE through its kinase domain and it was concluded that the kinase domain of TRPM7
and SOCE are synergistic mechanisms regulating intracellular Ca2+ homeostasis [119].
All the evidence discussed in this section suggests that Mg2+ may affect the Ca2+ signal
in the egg at fertilization through TRPM7. However, it still unclear what role TRPM7 plays
in maintaining the Ca2+ oscillations. By elucidating the function of TRPM7, we can
enhance our understanding about the regulation of Ca2+ oscillations at fertilization. At the
same time, a lot of media used for in vitro fertilization contains Mg2+, and clarifying the
role of Mg2+ in the regulation of Ca2+ signals could benefit the practice of assisted
reproduction.
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STORE-OPERATED CA2+ ENTRY IS REQUIRED
FOR CA2+ OSCILLATIONS IN PORCINE EGGS AT
FERTILIZATION

2.1

Abstract

The repetitive rises of calcium (Ca2+) in eggs at fertilization act as a driver of egg-toembryo transition. The influx of Ca2+ is needed to sustain the Ca2+ oscillations for the first
several hours during fertilization, but the channel conducting this Ca2+ influx is still under
debate. Here we hypothesized that store-operated Ca2+ entry (SOCE) is the mechanism
operating in porcine eggs to mediate Ca2+ entry in order to support the Ca2+ oscillations at
fertilization. To investigate the channel that is responsible for Ca2+ influx in porcine eggs,
we assessed the effects of several SOCE inhibitors on Ca2+ oscillations at fertilization.
Among them, BTP2, SKF96365, tetrapandin and ML-9 were used to identify the ion
channel that may be required for Ca2+ entry. First, mature eggs were treated with
cyclopiazonic acid (CPA) in Ca2+-free medium to deplete the intracellular Ca2+ stores and
then loaded with the Ca2+ indicator fura-2. The eggs were then treated with one of the
inhibitors and placed in Ca2+ free holding medium to measure cytosolic Ca2+. After
detecting the baseline Ca2+ level, Ca2+ was added to the cells. We found that BTP2 (20 and
40 μM), tetrapandin (1 and 10 μM), and ML-9 (100 μM) all prevented Ca2+ entry. This
indicated that the mechanism of store-operated Ca2+ entry operates in pig eggs and can be
prevented by the inhibitors. Next, porcine eggs were loaded with fura-2 and co-incubated
with sperm for 2 hours. Changes in the cytosolic Ca2+ levels were then monitored in the
presence of SOCE inhibitors. SKF96365 at 25 and 50 μM, BTP2 (20 and 40 μM),
tetrapandin (1 and 10 μM), and ML-9 (50 and 100 μM) all blocked the sperm-induced Ca2+
oscillations. Based on these results, we concluded that in porcine eggs SOCE is responsible
for conducting Ca2+ influx which is necessary to sustain the Ca2+ oscillations at fertilization.
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2.2

Introduction

As the most ubiquitous second messenger, Ca2+ participates in numerous physiological
processes ranging from muscle contraction, neuronal transmission, cellular proliferation
and apoptosis, to fertilization [1]. For all mammalian eggs studied to date, it has been
observed that the repetitive Ca2+ spikes that persist for hours is required for the initiation
of embryo development. Each spike is caused by Ca2+ release from the intracellular stores
in the endoplasmic reticulum (ER) and sweeps through the egg as a global signal [2]. Now
it is believed that a unique phospholipase C, PLCζ, which is delivered into the egg by the
sperm at fertilization, is necessary to induce the Ca2+ signal [3, 4]. PLCζ catalyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG) [5]. In response to IP3 stimulation, IP3 receptors on the surface
of the ER allow the Ca2+ to be released from the stores [6], resulting in the first Ca2+
transient. At the same time, in the mouse it has been demonstrated that an influx of Ca2+ is
required to replenish the intracellular stores so that Ca2+ transients can be stimulated to
complete egg activation [7]. However, the identity of the ion channel conducting the Ca2+
influx is still under debate.
A number studies have attempted to examine Ca2+ channels that are responsible for
Ca2+ influx during fertilization. These include the transient receptor potential (TRP) ion
channel, voltage-gated Ca2+ channels and Ca2+ release activated Ca2+ (CRAC) channels. It
has been reported that TRP channels can mediate strontium-induced mouse egg activation
and the TRP channel was proposed as a major mediator of Ca2+ influx in mouse eggs, but
later it turned out that TRPV3 deletion does not alter mouse fertility [8]. For other
researches, the role of voltage-dependent Ca2+ channels were determined by examining
whether its subfamily member, CaV3.2 contributes to Ca2+ entry in mouse eggs during
fertilization. CaV3.2 channel which can be activated at low voltage, mediates Ca2+ influx
across plasma membrane following an action potential or cellular stimulations [9]. When
the CaV3.2 gene Cacna1h was knocked out, Cacna1h−/− females showed reduced litter
sizes, and there was no voltage-activated Ca2+ current detected in Cacna1h−/− eggs
compared to normal mouse eggs [10]. During fertilization, the evaluation of Ca2+
oscillations revealed that although the length of the first Ca2+ transient and oscillations
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persistence were reduced, there were still Ca2+ oscillations in Cacna1h−/− eggs that lasted
for over 1 hour [10]. Unfortunately, there were no data about embryo development of these
fertilized eggs. As it turned out, CaV3.2 may participate in the regulation of the Ca2+
oscillations, but it is not the main mechanism to sustain the oscillations in mouse eggs at
fertilization.
The numerous studies in somatic cells have clarified the process of store-operated
Ca2+ entry which can be described as the following: first, a factor like IP3 induces Ca2+
release from the intracellular Ca2+ stores through the channel in ER membrane. The status
of the Ca2+ level in the stores then is transmitted to plasma membrane, which leads to the
opening of Ca2+ channels in the PM and the Ca2+ influx. Finally, the Ca2+ enters ER to
replenish the stores. Because the influx of Ca2+ is regulated not by a second messenger but
by the filling status of the stores, the mechanism is called store-operated Ca2+ entry (SOCE).
We hypothesized that this process may be operational during the sperm-induced Ca2+
signal. Previous studies in our lab have found that components of the SOCE mechanism,
stromal interaction molecule 1 (STIM1) and ORAI1, are expressed in porcine eggs, and it
was also found that they are required for Ca2+ signals at fertilization [11-13].
Many inhibitors have been used to identify Ca2+ channels in different cells. However,
most of them have never been tested in eggs. Here we evaluated the effect of 4 SOCE
inhibitors including SKF-96365, BTP2, ML-9 and tetrapandin. As the first one, SKF96365, an imidazole antimycotic compound, was identified as the first CRAC channels
inhibitors [14, 15]. SKF-96365 is known to block thapsigargin-induced SOCE in Jurkat T
cells in a dose-dependent manner [15]. It was noticed however, that it also prohibits other
ion channels, like voltage-gated Ca2+ channels [15, 16] and it is not a selective blocker for
the CRAC channel, thereby limiting its use in the investigation of ion channels different
cell types [17]. The second inhibitor is bis-(triﬂuoromethyl) pyrazoles compound, BTP2
that was initially used as an inhibitor of NFAT activation and T-cell cytokine production
[18-20]. Later, the new functions of BTPs were reported that it is able to prohibit the storeoperated Ca2+ entry in many cells at nanomolar or micromolar concentrations [21].
Especially, it has been found that BTP2 can also block the Ca2+ inﬂux induced by
thapsigargin in Jurkat T cells [22]. Furthermore, another study proved that BTP2 prevents
CRAC channels in human T cells [23]. Meanwhile, the same study observed a reduced
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inhibition of CRAC channel by BTP2 when extracellular Ca2+ level was increased [23].
Other experiments have determined that BTP2 shows no effect on voltage-gated Ca2+
channels or K+ channels [22, 23], but it can activate TRPM4 channels and block the ion
flow through TRPC3 and TRPC5 channels [24, 25]. For another inhibitor ML-9, which has
been used to suppress the activity of myosin light chain kinase (MLCK), has an inhibitory
effect on SOCE with an IC50 of approximately 10μM [26, 27]. Similarly, ML-9 shows the
ability to inhibit SOCE in HEK293 cells [27]. That article claimed that ML-9 blocks the
Ca2+ influx through impairing the oligomerization of STIM1 (puncta formation), and
disrupting its redistribution to ER–PM junctions [27]. It seems that STIM1 is the molecular
target of ML-9-mediated inhibition on SOCE, the specific site in STIM1 that ML-9 acts on
is still unclear. The last inhibitor, tetrapandins are toxins purified from the venom of
African scorpion Pandinus imperator and has been determined as an specifically inhibitor
for store-operated calcium entry in human embryonic kidney-293 cells without stimulating
other pumps[28].
Although there are many inhibitors available for identifying the channels conducting
Ca2+ influx, there is no one specific inhibitor that is generally accepted as a blocker for
SOCE. Therefore, we examined the effects of four inhibitors on both pharmacologicallyinduced SOCE in porcine eggs and also, on the sperm-induced Ca2+ oscillations. We
observed that BTP2, tetrapandin and ML-9 can all prevent Ca2+ influx after store depletion
and during the ongoing Ca2+ oscillations. Interestingly, SKF-96365 caused an increase in
the cytosolic Ca2+ level before disrupting the train of Ca2+ spikes. These results indicate
that the mechanism that sustains the Ca2+ oscillations in porcine eggs is SOCE, mediated
by STIM1 and ORAI1. For future studies, BTP2, tetrapandin and ML-9 can be used as
inhibitors to determine the mechanism underling Ca2+ signals in fertilized eggs.

2.3

Materials and Methods

Chemicals
All chemicals used in this study were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO, USA) unless otherwise indicated.
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Oocyte maturation
Ovaries collected from pre-pubertal gilts were donated by a local slaughterhouse
(Indiana Packers Corporation, Delphi, IN). Follicular liquid was aspirated from follicles
(3-6 mm in diameter) using a syringe with 20G hypodermic needle. The cumulus-oocytes
complexes (COCs) were rinsed twice in Hepes-buffered Tyrode's Lactate (TL-Hepes)
medium [29] and then 3 times in maturation medium without hormones. They were then
transferred into maturation medium (50 oocytes per 0.5 ml of medium) consisting of TCM199 supplemented with 0.57 mM cysteine, 3.05 mM D-glucose, 0.91 mM sodium pyruvate,
10 ng/ml epidermal growth factor, 0.5 IU/ml ovine luteinizing hormone, 0.5 IU/ml porcine
follicle stimulating hormone, 0.1% polyvinyl alcohol, 75 mg/ml penicillin and 50 mg/ml
streptomycin [30]. Maturation was conducted at 390C and 5% CO2 in air with 100%
humidity. After 42-44 hours of maturation, the COCs were transferred into TL-Hepes
containing 1 mg/ml hyaluronidase and the cumulus cells were removed by vortexing for 1
minute. The quality of eggs was evaluated by morphological assessment that mature eggs
with intact plasma membrane, evenly dark cytoplasm and an extruded first polar body were
selected and used for the experiments.
In vitro fertilization
Mature eggs were rinsed in a modified Tris-buffered medium (mTBM) as fertilization
medium consisting of 113.1 mM NaCl, 3mM KCl, 7.5 mM CaCl2x2H2O, 20 mM Tris
(crystallized free base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% bovine serum
albumin (BSA), and 1 mM caffeine [30]. For each group, 20 to 30 eggs were placed in one
50 µl mTBM droplet covered with mineral oil. Fresh semen collected from a Large White
boar was diluted in Modena extender and kept at 17oC until use. Right before in vitro
fertilization, the semen was washed twice by centrifugation at 900 g for 4 min in Dulbecco's
phosphate-buffered saline (DPBS). The final sperm pellet was diluted with the fertilization
medium mTBM and the sperm suspension, at a final concentration of 5×105 cells/ml, was
added to the eggs. The gametes were co-incubated for 2 h in a 5% CO2 incubator at 39oC
prior to the beginning of the fluorescence recordings.
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Evaluation of store-operated Ca2+ entry
To evaluate the store-operated Ca2+ entry, the intracellular Ca2+ stores in endoplasmic
reticulum need to be depleted by a specific and reversible blocker of the SERCA pumps,
cyclopiazonic acid (CPA) [31-33]. In order to empty the intracellular Ca2+ stores, the eggs
were incubated in Ca2+-free TL-Hepes medium containing 10 mΜ CPA for 2 hours. The
Ca2+ indicator dye was then added to the medium, the eggs were treated with different
inhibitors and transferred to a measuring chamber as described in the next paragraph. After
recording the baseline of Ca2+ level, Ca2+ was added back to the medium at a final
concertation of 2 mM. The Ca2+ measurement was then continued for 20 mins.
Measuring cytosolic free Ca2+ concentrations
The fertilized eggs were loaded with the Ca2+ indicator dye fura-2 by incubation in the
presence of 2 µM fura-2 LeakRes (AM) and 0.02% pluronic F-127 (Invitrogen; Carlsbad,
CA) for 45 min. After incubation, they were transferred to a special chamber with a glass
coverslip as the bottom (to allow fluorescent recordings) in a drop of mTBM medium. BSA
was omitted from this medium in order to attach the oocytes to the bottom of the chamber
and prevent their movement during measurements. The chamber was placed on the heated
stage of an inverted microscope (Nikon TE2000-U; Nikon Corporation; Tokyo, Japan) and
was connected to a gas tank containing 5% CO2 in air to maintain the optimal pH of the
medium. The changes of the intracellular free Ca2+ concentration in porcine eggs were
recorded using InCyt Im2, a dual-wavelength fluorescence imaging system (Intracellular
Imaging, Inc.; Cincinnati, OH). Fura-2 was excited alternately at 340 and 380 nm and the
emitted fluorescence was detected at 510 nm using a Pixelfly CCD camera (PCO-TECH
Inc; Romulus, Michigan, USA). The fluorescence data are presented as normalized ratio
values, which were calculated by dividing the emitted 340/380 fluorescence ratios (F) by
the average baseline value (F0), and shown as F/F0. The measurements in each experiment
were repeated at least 3 times using different eggs.
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Statistical analysis
The fluorescence ratios indicating relative peak Ca2+ levels were compared by one-way
analysis of variance (ANOVA) using the IBM SPSS software (IBM Corporation; Armonk,
NY, USA). The normality of data was assessed by Descriptive Statistics-Explore, and the
outliers were defined as observations that fall below 3 IQR or above 3 IQR (interquartile
range). Differences among groups were analyzed by Tukey’s test, and that with P<0.05
were considered significant. The data are given as mean ± standard error (SE). In the text,
the “n” refers to the number of eggs examined during the course of each experiment.

2.4

Results

BTP2 abolishes the sperm-induced Ca2+ oscillations by inhibiting SOCE
First, we investigated whether BTP2 affected SOCE and the sperm-induced
Ca2+ signals. The eggs were incubated with 10 μM cyclopiazonic acid (CPA) in Ca2+-free
TL-Hepes medium for 2 h and then loaded with the Ca2+ indicator dye fura-2. Keeping the
eggs in Ca2+-free medium, they were then pretreated with the inhibitor BTP2 (3,5bis(trifluoromethyl)pyrazole 2; EMD Millipore) at final concentrations of 2, 20, and 40 μM
for 30 min, placed in the measuring chamber, and after a few minutes of baseline recording
Ca2+ was added to the medium to the final concentration of 2 mM.
We observed that adding Ca2+ to the eggs with empty intracellular stores caused an
immediate increase in the intracellular free Ca2+ concentration the eggs of control group,
which represents SOCE. However, as showed in Figure 2-1, there was no obvious increase
in the relative peak amplitude of cytosolic Ca2+ levels in eggs that were pretreated with
BTP2 at 20 µM (1.41±0.11, n=28) and 40 µM (1.30±0.14, n=33), which are significantly
lower than that of eggs in control (1.98±0.21, n=43) and 2 µM BTP2 (1.82±0.25, n=23)
(P<0.05). These results indicated that BTP2 can block the Ca2+ influx induced by Ca2+
store depletion.
In the next experiment, the eggs were co-incubated with sperm for 2 hours and then
loaded with fura-2. They were then placed in the measuring chamber and the fluorescence
recordings were started. Once the Ca2+ oscillations were detected, and a few transients
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recorded (~45 min), BTP2 was added into the medium and the measurements continued
for approximately 2 hours. At the concentrations of 20 µM (n=16) and 40 µM (n=13)
(Figure 2-2B&C), BTP2 stopped the ongoing Ca2+ oscillations in porcine eggs. In control
eggs (n=20) not treated with the inhibitor, and in eggs treated with 10 µM BTP2 (n=14),
the oscillations went on until the end of the measurements (Figure 2-2 A&D). From these
results we concluded that BTP2 was able to abolish the Ca2+ oscillations through blocking
Ca2+ influx and that the oscillations were sustained by store-operate Ca2+ entry.
SKF96365 disrupts the Ca2+ oscillations
The eggs were placed in in vitro fertilization medium and co-incubated with sperm for
2 hours. They were loaded with fura-2 before the initiation of the Ca2+ measurements. After
the repetitive Ca2+ oscillations were observed in the fertilized eggs, SKF96365 was added
to the medium at the final concentrations of 25 µM (n=12) or 50 µM (n=15). As shown in
Figure 2-3A&B, SKF96365 at both two concentrations were able to disrupt the sperminduced Ca2+ oscillations. At the same time, it also caused an increase in the intracellular
Ca2+ level, which indicates that SKF96365 may affect Ca2+ signals in porcine eggs not only
through the inhibition of SOCE, but also through other ion channels, which may due to its
lack of specificity.
Tetrapandin blocks the fertilization Ca2+ signal
Tetrapandin is claimed to be a new class of SOCE specific inhibitor containing two
tetrapeptides purified from the venom of the african scorpion [28]. We used tetrapandin to
determine the channel for Ca2+ influx in fertilized porcine eggs. Firstly, the eggs were
placed in a medium containing 10 µM CPA to deplete the intracellular Ca2+ store. Adding
back Ca2+ to the eggs caused a Ca2+ increase in the eggs of the control group and in those
treated with a 0.1 µM concentration of the inhibitor, and their relative peak amplitudes are
1.92±0.25 (n=25) and 1.63±0.17(n=21). But the presence of 1.0 or 10 µM tetrapandin
prevented Ca2+ influx in CPA-treated eggs with relative lower peak amplitude as 1.29±0.09
(n= 18) and 1.05±0.12 (n= 23) (Figure 2-4A, P<0.05). In the following experiment, fura2-loaded eggs were co-incubated with sperm and used for Ca2+ measurements. Once the
repetitive Ca2+ signals were detected, the eggs were treated with tetrapandin (final
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concentrations 1.0 or 10 µM). It was observed that tetrapandin stopped the ongoing Ca2+
oscillations at both concentrations (Figure 2-4B&C). These results support the hypothesis
that SOCE is necessary for the maintenance of Ca2+ oscillations in porcine eggs at
fertilization.
ML-9 inhibits SOCE and blocks the sperm-induced Ca2+ oscillations
To further analyze SOCE in pig eggs, we again used the standard Ca2+ add-back assay,
whereby the Ca2+ pool in eggs was depleted by the CPA treatment in Ca2+-free medium,
followed by adding Ca2+ to the medium to final concentration of 2 mM. When this assay
was performed on eggs in the presence of 100 µM ML-9, SOCE was significantly lower
compared to that of control eggs (Figure 2-5, 2.94±1.12 vs.1.05±0.34, n=21, P<0.05).
DMSO, as a vehicle for ML-9, had no effect on the Ca2+ influx. When we treated the
fertilized eggs with different concentrations of ML-9 (Figure 2-5A-D), we found that 50
µM (n=12) and 100 µM (n=15) ML-9 totally stopped the ongoing Ca2+ oscillations, while
the frequency of the oscillations in eggs treated with 25 µM ML-9 (n=16) was markedly
lower than that of control eggs (n=21, P<0.05). Ten µM ML-9 had no effect on the Ca2+
oscillations. ML-9 was reported to reverse oligomerization of STIM1, which is the initial
step of SOCE [27]. In our experiments, it was apparent that ML-9 was able to disrupt the
Ca2+ oscillations in fertilized eggs, and the effect was achieved through the inhibition of
SOCE. This further supports the hypothesis that in porcine eggs the Ca2+ oscillations at
fertilization are sustained by store-operate Ca2+ entry.

2.5

Discussion

The sperm-stimulated repetitive Ca2+ rises are essential for egg activation at
fertilization, driving the events like cortical granule exocytosis, resumption of cell cycle
and the recruitment of maternal mRNA. The signal is generated when Ca2+ is released from
the endoplasmic reticulum, this is stimulated by the sperm-delivered molecule PLCζ. The
Ca2+ then spreads over the whole cell. Meanwhile, an influx of extracellular Ca2+ through
the plasma membrane is also required to replenish the intracellular Ca2+ stores and allow
another round of Ca2+ release. However, the mechanism for sensing Ca2+ decreases in the
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ER and the Ca2+ influx mechanism through plasma membrane (PM) to sustain the Ca2+
signal at fertilization has not yet been elucidated.
Many Ca2+ channels in the PM have been identified and store-operated Ca2+ entry has
been studied as a mechanism central in cellular Ca2+ signals and in maintaining intracellular
Ca2+ [34]. In many cell types cyclopiazonic acid (CPA), a specific inhibitor of the smooth
endoplasmic reticulum Ca2+-ATPases (SERCA pumps) has been used to simply deplete
the intracellular Ca2+ store and mimic the process of SOCE [32, 35]. The Ca2+ influx
induced by store depletion was reported in studies using eggs of various species, including
Xenopus [36], mouse [37], pig [38], and human [39]. In the current study, we applied CPA
together with SOCE inhibitors that have been used to identify Ca2+ channels in several cell
types to evaluate the channels for Ca2+ influx in porcine eggs. First, after CPA-induced
store depletion, adding Ca2+ back to the cells induced an increase in the cytosolic free Ca2+
levels, indicating the onset of SOCE. The eggs pretreated with BTP2, tetrapandin or ML9 showed no Ca2+ increase after adding Ca2+ back to the holding medium, and these results
clearly indicated that BTP2, tetrapandin or ML-9 blocked the Ca2+ entry induced by store
depletion. In additional experiments, the eggs were inseminated using in vitro fertilization
procedure, and after observing repetitive Ca2+ rises, the SOCE inhibitors were added to the
holding medium at different concentrations. The addition of 20 and 40 μΜ BTP2, 10 μΜ
tetrapandin or 50 and 100 μΜ ML-9 immediately stopped the Ca2+ oscillations, indicating
that SOCE was required for conducting the Ca2+ influx to replenish the intracellular Ca2+
stores and maintain the repetitive signal. BTP2 is a pyrazole derivative and a selective
blocker of SOCE; it was reported to be able to abolish the store-operated Ca2+ entry in
several cell types with different concentrations from nanomolar to micromolar [21].
Tetrapandin, on the other hand, are scorpion toxins that were shown to specifically inhibit
SOCE in human embryonic kidney cells [28]. We also observed that the treatment of
SKF96365 caused a Ca2+ rise while it inhibited the sperm-induced Ca2+ oscillations. In
Jurkat T cells, SKF96365 inhibited thapsigargin-induced SOCE in a dose-dependent
manner [15]. However, there are several studies reported that SKF96365 also suppresses
ion channels, including voltage-gated Ca2+ channels, and nonselective cation channels [40].
But it is not a selective inhibitor to CRAC channels, and can activate unknown channels
[15, 40]. In our experiments, both inhibitors effectively suppressed the repetitive Ca2+
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signals induced by the fertilizing sperm. These data imply that it is SOCE that sustains the
repetitive Ca2+ oscillations at fertilization in the pig egg.
STIM1 and ORAI1 are the protein components of SOCE. The studies using somatic
cells has demonstrated that STIM is located on the surface of the ER, it spans the ER
membrane and is responsible for sensing the decrease in the luminal Ca2+ concentration[41].
It then transfers this physical change to ORAI1 in the PM to open the channel pore for Ca2+
entry, and eventually to replenish the intracellular Ca2+ store. Previous studies in our lab
demonstrated that both STIM1 and ORAI1 are functionally expressed in porcine eggs and
essential to sustain the train of Ca2+ spikes during porcine fertilization [11-13]. When their
levels were downregulated by means of RNA interference, the eggs were not able to mount
the repetitive Ca2+ signal [11-13]. In this study, we found that ML-9, an inhibitor of STIM1
oligomerization, can block artificially induced SOCE and also, the sperm induced Ca2+
signal. In another research, ML-9 showed the ability to reversibly suppress SOCE at 10
μM in HEK293 cells [27]. In further investigation, authors of the same report found that
ML-9 inhibits SOCE due to, at least partially, the failure of the formation of STIM1 puncta
and disrupting its movement to ER–PM junctions [27]. Such junctions are believed to be
the sites where STIM1 and ORAI1 proteins interact and facilitate Ca2+ entry. STIM1 is the
sensor that detects Ca2+ levels in the ER in many cell types [42-44]. In our study, ML-9
also inhibited SOCE, probably by blocking normal STIM1 activity, preventing its
translocation to the PM; it also stopped the ongoing Ca2+ oscillations in pig eggs. Some
studies found that the activity of SOCE in mouse eggs was downregulated during meiosis
[45, 46], others reported that SOCE activity progressively increased in the final stage of
maturation [47], but all these studies indicate that SOCE remained active in maturing egg.
Further studies claimed that during maturation the weak activity of SOCE, is caused by
the internalization of SOCE components protein ORAI1, and the inability of STIM1 to
form clusters in response to store depletion [48]. While at fertilization, according to one
study the Ca2+ sensor STIM1 re-localized to the PM after gamete fusion, implying that
SOCE does become active and plays a major role in Ca2+ oscillations in mouse eggs at
fertilization [49]. On the contrary, in the latest studies, it has been found that the knockout
of STIM1, STIM2 or ORAI1 did not affect Ca2+ influx in mouse oocytes and eggs, had no
impact on the Ca2+ oscillations at fertilization, and did not prevent the spontaneous Ca2+
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influx in maturing oocytes [50]. The authors of this study claimed that Trpm7-like channels
may support Ca2+ influx in mouse oocytes and eggs [50]. In spite of the conflicted evidence
from experiments using the mouse, our results support the notion that at least in the porcine
egg SOCE is required for Ca2+ oscillations at fertilization. These observations strengthen
our hypothesis that SOCE components are functional during fertilization and the
mechanism is essential for the maintenance of the long-lasting Ca2+ signal in eggs at
fertilization.
Overall, the data from these experiments further demonstrate that in pig eggs SOCE is
the main pathway that supports the repetitive Ca2+ signal for first several hours, during the
egg-to-embryo transition at the time of fertilization. In the future, this model should be
examined in more species to elucidate the process of egg activation at fertilization. A better
understanding of the mechanism that sustains the sperm-induced Ca2+ oscillations in the
egg of farm animals as well as humans is imperative to find ways to improve the efficiency
of assisted reproductive technologies for both agricultural and medical purposes.
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Figure 2-1 BTP2 inhibits store-operate Ca2+ entry in porcine eggs.
The eggs were incubated with 10 μM CPA for 2 hours to deplete the Ca2+ stores. Keeping
the eggs in Ca2+-free medium, they were then pretreated with the inhibitor BTP2 at final
concentrations of 0, 2, 20, and 40 μM for 30 min. BTP2 (at 20 and 40 μM but not 2 μM)
blocked the Ca2+ influx stimulated by store depletion (the arrow indicates the add-back of
2 mM Ca2+).
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Figure 2-2 BTP2 affects the Ca2+ signal in porcine eggs at fertilization.
The eggs were co-incubated with sperm for 2 hours, and loaded with fura-2. After observed
the Ca2+ oscillations, BTP2 was added (as arrow indicated) to the holding medium to
different final concentrations. (A) The addition of 10 μM BTP2 did not affect the sperminduced Ca2+ oscillations. (B) The addition of 20 μM BTP2 stopped the Ca2+ oscillations
at fertilization. (C) The addition of 40 μM BTP2 inhibited the Ca2+ signal at fertilization.
(D) In the absence of BTP2, the oscillations continued for hours.
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Figure 2-3 The effects of SKF96365 on the fertilization Ca2+ signal.
The eggs were co-incubated with sperm for 2 hours, and loaded with fura-2. After observed
the Ca2+ oscillations, SKF96365 was added (as arrow indicated) to the holding medium to
different final concentrations. (A) SKF96365 at 25 μM slowly blocked the Ca2+ oscillations
and the baseline Ca2+ also increased. (B) The sperm-induced Ca2+ transients were also
abolished by the addition of 50 μM Ca2+ to holding medium. At the same time, SKF96365
caused an immediate Ca2+ rise and the cytosolic Ca2+ stayed at an elevated level. For each
treatment, n=8-10 eggs were measured each time, with 3 replications.
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Figure 2-4 The effects of tetrapandin on the Ca2+ signal in porcine eggs.
(A) Tetrapandin at 1.0 and 10.0 μM blocked Ca2+ entry induced by store depletion and
Ca2+ re-addition (as arrow indicated). (B) The sperm-induced Ca2+ transients were also
abolished by the addition of 1.0 μM tetrapandin. (C)The sperm-induced Ca2+ transients
were also abolished by the addition of 10.0 μM tetrapandin. (D) Control fertilized eggs that
were not exposed to tetrapandin displayed normal, long-lasting Ca2+ transients.
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Figure 2-5 ML-9 inhibits store-operate Ca2+ entry in porcine eggs.
The eggs were incubated with 10 μM CPA to deplete Ca2+ store for 2 hours. Keeping the
eggs in Ca2+-free medium, they were then pretreated with the inhibitor ML-9 at final
concentrations of 100 μM for 30 min. ML-9 at 100 μM blocked Ca2+ entry after store
depletion and Ca2+ re-addition (as arrow indicated).
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Figure 2-6 ML-9 affects Ca2+ oscillations in porcine eggs at fertilization.
The eggs were co-incubated with sperm for 2 hours, and loaded with fura-2. After observed
the Ca2+ oscillations, ML-9 was added to the holding medium (as arrow indicated) to
different final concentrations. (A) The frequency of the sperm-induced Ca2+ transients were
slowed down by the addition of 25 μM ML-9 to the holding medium. (B) The sperminduced Ca2+ transients were abolished by the addition of 50 μM ML-9. (C) The sperminduced Ca2+ transients were abolished by the addition of 100 μM ML-9. (D) Control
fertilized eggs that were exposed to ethanol (which served as the vehicle for the inhibitor
in the other groups) displayed normal, long-lasting Ca2+ transients.
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THE CA2+ OSCILLATIONS AT FERTILIZATION
IN PORCINE EGGS ARE ASSOCIATED WITH INTERACTIONS
BETWEEN STIM1 AND ORAI1

3.1

Abstract

The repetitive rise in the intracellular free calcium (Ca2+) concentration in eggs is
required for fertilization in mammals. Using specific inhibitors, we demonstrated, that
store-operated Ca2+ entry (SOCE) is responsible for conducting Ca2+ influx to sustain the
oscillations during the first several hours of egg-embryo transition. STIM1 and ORAI1 are
components of SOCE, and in the current we investigated their roles in sustaining the series
of Ca2+ oscillations. STIM1 and ORAI1 proteins tagged with various fluorophores were
expressed in porcine eggs and those expressing fluorescently tagged STIM1, ORAI1 or
both were inseminated with boar spermatozoa. Changes in the eggs’ cytosolic free Ca2+
concentration were then monitored. The fertilized eggs overexpressing mVenus-STIM1
showed high-frequency Ca2+ oscillations (38.29±6.06 h-1). Similar high-frequency Ca2+
oscillations were also detected in eggs co-expressing mVenus-STIM1 and mTurquoise2ORAI1 (44.25±4.37 h-1), arguing for an active role of the proteins in sustaining the
oscillations. Eggs overexpressing ORAI1 only showed oscillations that were not different
from that measured in control non-injected eggs (10.86±3.66 vs. 7.30±1.06 h-1, P > 0.05).
The high-frequency Ca2+ oscillations in the eggs were stopped by the SOCE inhibitors
BTP2 and ML-9, which indicates that the SOCE components STIM1 and ORAI1 are
functional and their stoichiometry determines the frequency of the Ca2+ oscillations. The
interaction between the fluorescently tagged STIM1 and ORAI1 was then investigated by
means of fluorescence resonance energy transfer (FRET). Store depletion led to an increase
of the FRET signal in eggs co-expressing mVenus-STIM1 and mTurquoise2-ORAI1,
indicating that Ca2+ release was followed by an interaction between these proteins. A
similar FRET increase was also detected in eggs co-expressing mVenus-STIM1 and
mTurquoise2-STIM1, which is consistent with the fact that STIM1 molecules oligomerize
and form puncta after store depletion. Importantly, in fertilized eggs co-expressing
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mVenus-STIM1 and mTurquoise2-ORAI1 we were able to detect repetitive rises of the
FRET signal, whose frequency was similar to that of the sperm-induced Ca2+ oscillations.
This implies that the Ca2+ oscillations are associated with repeated interactions between
the two proteins. Together, the results confirm the notion that in pig eggs, store-operated
Ca2+ entry is required for the maintenance of the repetitive Ca2+ transients at fertilization.

3.2

Introduction

Ionized calcium (Ca2+) is a universal second messenger in organisms that regulates a
wide range of biological activities. It also plays a critical role in driving the events of egg
activation (EEA) at fertilization including cortical granule exocytosis, resumption of
meiosis, translation of maternal mRNA, and second polar body extrusion, which are all
initiated by repetitive increases of free Ca2+ in the eggs [1]. These so-called Ca2+
oscillations are triggered by a molecule delivered by the fertilizing sperm and they are the
result of cyclic release and re-uptake of Ca2+ by the intracellular stores known as the
endoplasmic reticulum (ER) [2]. The initial Ca2+ rise begins soon after gamete fusion and
is followed by a great number of additional elevations that last for several hours until the
formation of pronuclei [3]. To sustain the train of Ca2+ spikes, an influx of Ca2+ across the
plasma membrane is required as demonstrated by the fact that the oscillations in eggs stop
when the eggs are place in the Ca2+ free medium [4]. Despite the importance of the Ca2+
influx, the identity of the channels that conduct the extracellular Ca2+ into the cytoplasm
and their regulation have not been completely elucidated.
Store-operated Ca2+ entry (SOCE) has been demonstrated as the mechanism that is
responsible for Ca2+ entry to support the oscillations at fertilization in pig eggs, as described
in Chapter 3. The detailed process of SOCE has been identified as a major type of Ca2+
entry in somatic cells. The depletion of the intracellular Ca2+ stores leads to the activation
of this mechanism. Stromal interacting molecule 1 (STIM1) and ORAI1 are two key
protein components of SOCE that play critical roles in mediating this type of Ca2+ influx
in cells. STIM1 located in ER is a single-pass transmembrane protein that serves as a Ca2+
sensor with its luminal EF-hand motif [5-7]. In resting cells, STIM1 is diffusely distributed
in the ER membrane, once the Ca2+ store is depleted, STIM1 molecules oligomerize, which
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is followed by their translocation and accumulation into aggregates known as puncta at ER
regions adjacent to the plasma membrane [8]. At these ER-PM junctions they interact with
the other SOCE component ORAI1 [5]. ORAI1 resides in the plasma membrane and is a
tetraspanin protein containing four transmembrane domains [9, 10]. ORAI1 functions as
the pore forming subunit of SOCE that mediates Ca2+ entry as a result of store depletion
[11-13]. In response to the decrease of Ca2+ concentration inside the ER lumen, STIM1
senses the changes and forms aggregates, moves towards the plasma membrane then
interacts with ORAI1 to allow Ca2+ entry that aids in refilling the stores [14, 15].
Many studies have provided evidences that store-operated Ca2+ entry may play
important roles in eggs as well. The depletion of Ca2+ stores causes a Ca2+ influx through
the channels on plasma membrane in immature Xenopus eggs [16-18] and mature eggs of
mice, pigs and humans [19-21]. Later, the expression of STIM1 protein in eggs has been
reported and its involvement in the process of SOCE also been demonstrated [22-24]. It’s
role in store-operated Ca2+ entry was further confirmed by the fact that suppressed STIM1
expression leads to inhibition of Ca2+ influx induced by the mobilization of luminal Ca2+
[25]. In the mouse, it has been found that the activity of SOCE was suppressed during
meiosis, and then progressively increased in the final stage of maturation, due to ORAI1
internalization and the inability of STIM1 to form clusters in response to store depletion
[24, 26-28]. Furthermore, at fertilization of mouse eggs, it has been revealed that STIM1
significantly and rapidly re-locates to the puncta area, which was similar to the results of
pharmacological Ca2+ store depletion [23]. In porcine eggs, when the expression of STIM1
is down-regulated by siRNAs, the Ca2+ oscillations are completely abolished at fertilization
and the subsequent embryo development is impaired [25]. The ORAI1 protein was also
identified in porcine eggs and was found to be essential to mediate Ca2+ entry after Ca2+
release from the ER and also, to maintain the long-lasting Ca2+ signal triggered by the
sperm [29]. These findings clearly indicated that SOCE exists in pig eggs and its
components STIM1 and ORAI1 play key roles at fertilization. Interestingly, in the latest
knockout mouse model, losing STIM1, STIM2 or ORAI1 did not affect spontaneous Ca2+
influx or Ca2+ oscillations at fertilization in mouse eggs, the authors of the study instead
claimed that Trpm7-like channels support Ca2+ influx, at least partially, in mouse oocytes
and eggs [30]. In other studies, the mice lacking ORAI1 or STIM1 died early postnatally
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with certain variations caused by the method or genetic background of the mouse used for
gene editing [31]. The store-operated Ca2+ entry in different cells isolated from STIM1deficient mice showed physiological defects and morphological abnormalities[32].
Considering these conflicting results, the functions of STIM1 and ORAI1 in eggs are
definitely needed further clarifications.
The manner of communication between STIM1 and ORAI1 has been extensively
investigated in recent years. A direct physical association between STIM1 and ORAI1 has
been proposed. This idea was supported by several lines of evidences, such as the close
vicinity of the junctional ER to the plasma membrane [33], the fact that STIM1 and ORAI1
co-immunoprecipitated after store depletion [12, 13], and the finding that following store
depletion, fluorescence resonance energy transfer (FRET) occurred between donor and
acceptor fluorophores fused to STIM1 and ORAI1 proteins [34]. FRET is a physical
phenomenon that occurs only over very short distances, which allows non-radiative energy
transfer between the two fluorophores if they are sufficiently close (typically less than 10
nm) to each other. FRET has been used to investigate dynamic molecular interactions
happening in a few nanometers distance between proteins that need to be tagged with
appropriate fluorophores, and this method has been used to detect the interaction between
STIM1 and ORAI1 in many cell types. Here we applied FRET to study the role of STIM1
and ORAI1 in regulating the Ca2+ signal at fertilization in porcine eggs.

3.3

Materials and Methods

Chemicals
All chemicals used in this study were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO) unless otherwise indicated.
Oocyte maturation
Ovaries collected from pre-pubertal gilts were donated by a local slaughterhouse
(Indiana Packers Corporation, Delphi, IN). Follicular liquid was aspirated from follicles
(3-6 mm in diameter) using a syringe with 20G hypodermic needle. The cumulus-oocytes
complexes (COCs) were rinsed twice in Hepes-buffered Tyrode's Lactate (TL-Hepes)
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medium [35] and then 3 times in maturation medium without hormones. They were then
transferred into maturation medium (50 oocytes per each well with 0.5 ml of medium)
consisting of TCM-199 supplemented with 0.57 mM cysteine, 3.05 mM D-glucose, 0.91
mM sodium pyruvate, 10 ng/ml epidermal growth factor, 0.5 IU/ml ovine luteinizing
hormone, 0.5 IU/ml porcine follicle stimulating hormone, 0.1% polyvinyl alcohol, 75
mg/ml penicillin and 50 mg/ml streptomycin [36]. Maturation was conducted at 39 oC
under 5% CO2 in air with 100% humidity. After 42-44 hours of maturation, the COCs were
transferred into TL-HEPES containing 1 mg/ml hyaluronidase and the cumulus cells were
removed by vortexing for 1 minute. The quality of eggs was evaluated by morphological
assessment; eggs with an intact plasma membrane, evenly dark cytoplasm and an extruded
first polar body were selected and used for the experiments.
Plasmids
To obtain constructs that drive the expression of porcine ORAI1 and STIM1 tagged Nterminally with mTurquoise2 (a brighter variant of enhanced cyan fluorescent protein) or
mVenus (a variant of yellow fluorescent protein), cDNA fragments of ORAI1 and
STIM1(Addgene plasmid # 19755 and # 19756 ; were gifts from Anjana Rao [11] ) flanked
with the 5’-Xho I and 3’-EcoR I sites were generated by PCR. Following a treatment with
the restriction enzymes the fragments were insert into mVenus-C1 or mTurquoise2-C1
(Addgene, Plasmid #54651 and Plasmid #54842; gifts from Michael Davidson) to generate
the

pmVenus-ORAI1-C1,

pmVenus-STIM1-C1,

pmTurquoise2-ORAI-C1

and

pmTurquoise2-STIM1-C1 plasmid. In order to facilitate in vitro transcription of the
constructs, cDNA fragments with a T7 promoter sequence at their 5’-end were amplified
by PCR. To generate the T7-mVenus-ORAI1 and T7-mTurquoise2-ORAI1 cDNA, the
following primers were used: forward T7 primer (5’-AAGCGAATAATACGACTCACTATAGGGAAAACCACCATGGTGAGCAAGGGCGAGGAG-3’) and ORAI1 reverse
primer (5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTAGGCATAGTGGCTGCCG
-G-3’). To obtain the T7-mVenus-STIM1 and T7-mTurquoise2-STIM1 cDNA, the
forward T7 primer was paired with the STIM1 reverse primer (5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTACTTCTTAAGAGGCTTCC-3’).

The

sequence

of

the
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expression vector constructs was confirmed by the DNA Sequencing Low Throughput
Laboratory of Purdue University.
cRNA synthesis
The PCR products were transcribed in vitro using the mMESSAGE mMachine kit and
the generated complementary RNA (cRNA) was then polyadenylated using the poly(A)
tailing kit (both from Ambion; Austin, TX) according to the manufacturer’s instructions.
The cRNAs were diluted to a final concentration of 1 µM in DEPC-treated nuclease-free
water (Invitrogen; Carlsbad, CA) and stored in 3 µl aliquots at -80 oC until use.
Microinjection
In order to express the fluorophore-tagged proteins in the eggs, cRNA of the tagged
proteins was microinjected into the ooplasm. For microinjection, cumulus cells from the
surface of the zona pellucida were removed by vortexing in the presence of 1 mg/ml
hyaluronidase at 30-32 hours after the beginning of maturation. The denuded eggs were
then placed into nominally Ca2+-free TL-HEPES medium and microinjected with a small
amount (approximately 40 pl) of cRNA by means of a FemtoJet microinjector (Eppendorf;
Hamburg, Germany). The injected eggs were transferred back to the maturation medium
and incubated for about 14 hours, until the end of the maturation period.
Confocal imaging
Fourteen hours after the microinjection, the mature eggs were transferred into the Ca2+
free TL-HEPES with or without 10 μΜ CPA for 2 hours. Then the eggs were placed in a
metal chamber with Ca2+ free TL-HEPES to take image using Confocal laser microscopy
separately (Olympus FV1000, Tokyo, Japan).
In vitro fertilization
Mature eggs were rinsed in a modified Tris-buffered medium (mTBM) as fertilization
medium consisting of 113.1 mM NaCl, 3mM KCl, 7.5 mM CaCl2x2H2O, 20 mM Tris
(crystallized free base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% bovine serum
albumin (BSA), and 1 mM caffeine [36]. For each group, 20 to 30 eggs were placed into
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50 µl droplets of mTBM covered with mineral oil. Fresh semen collected from a Large
White boar was diluted in Modena extender and kept at 17oC until use. Right before in
vitro fertilization, the semen was washed twice by centrifugation at 900 g for 4 min in
Dulbecco's phosphate-buffered saline (DPBS). The final sperm pellet was diluted with the
fertilization medium and the sperm suspension, at a final concentration of 5×105 cells/ml,
was added to the eggs. The gametes were co-incubated for 2 h in a CO2 incubator at 39oC
prior to the beginning of the fluorescence recordings.
Measuring cytosolic free Ca2+ concentrations
After confirming the expression of tagged proteins by a fluorescence microscope
(Nikon TE2000-U; Nikon Corporation; Tokyo, Japan), the fertilized eggs were loaded with
the Ca2+ indicator dye fura-2 by incubation in the presence of 2 µM fura-2 LeakRes (AM)
and 0.02% pluronic F-127 (Invitrogen; Carlsbad, CA) for 45 min. After incubation, they
were transferred to a special chamber with a glass coverslip as the bottom (to allow
fluorescent recordings) in a drop of IVF medium. BSA was omitted from this medium in
order to attach the eggs to the bottom of the chamber and prevent their movement during
measurements. The chamber was placed on the heated stage of an inverted microscope and
was connected to a gas tank containing 5% CO2 in air to maintain the optimal pH of the
medium. The changes of intracellular free Ca2+ concentration in the eggs were recorded
using InCytIm2, a dual-wavelength fluorescence imaging system (Intracellular Imaging,
Inc.; Cincinnati, OH). Fura-2 was excited alternately at 340 and 380 nm and the emitted
fluorescence was detected at 510 nm using a Pixelfly CCD camera. The fluorescence data
are presented as normalized ratio values, calculated by dividing the emitted 340/380
fluorescence ratios (F) by the average baseline value (F0), and are shown as F/F0. The
measurements in each experiment were repeated at least 10 times using different eggs.
FRET measurements
After the expression of the tagged proteins was confirmed using a fluorescence
microscope (Nikon TE2000-U; Nikon Corporation; Tokyo, Japan), the eggs were placed
in the measuring chamber. They were imaged on a Nikon TE2000-U inverted microscope
equipped with a 10x objective (Nikon Superfluor, N/a 0.5), a 175W xenon arc lamp (Sutter
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Instrument; Novato, CA, USA), and excitation and emission filter wheels (also from Sutter
Instrument). The cells were illuminated with the mTurquoise2 (donor) excitation
wavelength and the fluorescence emitted by mTurquoise2 and mVenus (acceptor) was
recorded alternately. In order to minimize photobleaching, lamp output was reduced by
means of a 0.6 neutral density filter. For the visualization of mTurquoise2, mVenus, and
FRET fluorescence, the XF88-2 CFP/YFP standard fluorescence filter set (Omega Optical,
Inc.; Brattleboro, VT, USA) was used that includes the following components: 455DRLP
dichroic filter, 440BP20 excitation filter, 480AF30 emission filter, and 535AF26 emission
filter. The time-lapse series of images were captured on a cooled CCD camera (Pixelfly,
The Cooke Corporation; Auburn Hill, MI, USA) at 6 s intervals at an exposure of 200 ms;
image analysis was performed using the InCyt Im FRET software (Intracellular Imaging).
First, the intensity from each filter set was corrected for background fluorescence detected
by measuring non-injected eggs. Next, because the FRET intensity contains spillover, i.e.
contamination from directly excited fluorescence of the acceptor and from the longwavelength tail of the donor emission spectrum, these components were removed to
generate corrected FRET [37, 38]. Finally, normalized FRET was obtained by dividing the
corrected FRET data by the acceptor intensity and displayed as time-dependent curves. For
each experiment, a representative measurement of an egg is presented.
Statistical analysis
The results of the frequency and peak amplitude of Ca2+ oscillations were compared by
one-way analysis of variance (ANOVA) using the IBM SPSS software (IBM Corporation;
Armonk, NY, USA). The normality of data was assessed by Descriptive Statistics-Explore,
and the outliers were defined as observations that fall below 3 IQR or above 3 IQR
(interquartile range). Differences among treatments were analyzed by Tukey’s test, and the
differences with P<0.05 were considered significant. In the text, the data are given as mean
± standard error (SE) and the “n” refers to the number of eggs examined during the course
of each experiment.
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3.4

Results

Depletion of the intracellular Ca2+ stores causes STIM1 oligomerization
We analyzed the effect of store depletion on the eggs expressing STIM1 and OARI1
proteins. cRNAs of mVenus-ORAI1 and mTurquoise2-STIM1 were injected into the
oocytes and following the expression of the labelled proteins the eggs were analyzed using
laser-scanning fluorescence microscopy. As showed in Figure 3-1, STIM1 was localized
in the cortical region of the ooplasm and ORAI1 appeared on the plasma membrane (n=7
out of 21 eggs). Cyclopiazonic acid (CPA) at a final concentration of 10 µM was then
added to the eggs. CPA is an inhibitor of SERCA that is able to induce the depletion of the
intracellular Ca2+ stores [39]. CPA was added into the holding medium to deplete the Ca2+
store in the eggs, which led to the formation STIM1 clusters (n=5 out of 12 eggs, Figure 31B1), demonstrating that depleting the Ca2+ stores caused the redistribution and
oligomerization of STIM1. In somatic cells and during Xenopus and mouse oocyte
maturation, STIM1 has been reported to form clusters upon store Ca2+ depletion [23, 24,
39]; the results that CPA treatment causes the formation of STIM1 clusters indicate that in
pig eggs the situation is quite similar.
Depletion of the Ca2+ stores is followed by STIM1-ORAI1 interaction and
STIM1 clusters
Firstly, we investigated whether the mobilization of intraluminal Ca2+ is associated
with an interaction between STIM1 and ORAI1 molecules. The eggs were injected with
mVenus-STIM1 and mTurquoise2-ORAI1 cRNA, they were then placed into culture
medium for 14 hours to allow protein translation. After confirmed the expression of both
protein, the injected eggs were transferred in TL-Hepes medium in the measuring chamber,
the chamber was placed on the stage of the inverted microscope and the FRET signal was
monitored. CPA at a final concentration of 10 µM was then added to the eggs to induce the
depletion of Ca2+ stores [40]. In many cell types including oocytes, CPA-induced store
depletion leads to an influx of Ca2+, which is known as store-operated Ca2+ entry [41]. We
found that the addition of CPA triggered an increase of FRET between STIM1 and ORAI1
in eggs (Figure 3-2A). The increase occurred at an average of 57.25±2.58 seconds (n=23)
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following the CPA treatment. When in a separate experiment, the oocytes were loaded with
the Ca2+ indicator dye fura-2, the addition of CPA caused the discharge of Ca2+ after
68.25±4.92 seconds (n=25, Figure 3-2B). The fact that two events, i.e. Ca2+ release and
FRET increase overlap suggest, that it is the depletion of the stores that causes the
relocation of STIM1 and its interaction with ORAI1 in the plasma membrane.
The reorganization of STIM1 was also investigated by FRET through the expressing
of mVenus-STIM1 and mTurquoise2-STIM1 cRNA. We found that the addition of CPA
triggered an increase of FRET between STIM1 and STIM1 (n= 17, Figure 3-2C), which is
consisted with the Confocal images that STIM1 form clusters upon the store depletion.
While there is no FRET signal change in the eggs singly expressing STIM1 or ORAI1 in
response to CPA treatment (n=15, Figure 3-2D).
High-frequency Ca2+ signal in STIM1/ORAI1-overexpressing eggs at
fertilization
The interaction between STIM1 and ORAI1 has been proposed to be responsible for
SOCE in many cell types. To determine if the exogenously expressed STIM1 and ORAI1
were involved in the regulation of the fertilization Ca2+ signal, eggs expressing mVenusSTIM1 and mTurquoise2-ORAI1 (separately or together) were inseminated with fresh boar
spermatozoa and changes in the intracellular free Ca2+ levels were monitored. In such eggs
expressing mVenus-STIM1, or mVenus-STIM1 and mTurquoise2-ORAI1, the fertilizing
sperm triggered Ca2+ oscillations with unusually high frequency: the average frequency of
the spikes were 38.29±6.06 h-1 and 44.25±4.37 h-1 (n=9 and 12, Figure 3-3B-C), compared
to eggs expressing mTurquoise2-ORAI1 (10.83±3.66 h-1, n=6) and measured in control
non-injected eggs (7.30±1.06 h-1, n=15, P<0.05). This indicates, that overexpression of
STIM1 and co-overexpression of STIM1 and ORAI1 all lead to high frequency Ca2+
oscillations at fertilization. At the same time, in eggs overexpressing mVenus-STIM1 only,
the relative peak amplitude of the oscillations was significantly lower than that of other
eggs (1.61±0.09 vs. 2.49±0.13 (ORAI1 overexpression), 3.14±0.38 (STIM1 and ORAI1
co-overexpression), and 3.08±0.18 (control), P<0.05, as Figure 3-3F). These observations
provided evidence that STIM1 and ORAI1 were functional in porcine eggs and STIM1 and
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ORAI1 may decide the two key parameters, i.e. frequency and amplitude of Ca2+
oscillations.
The inhibition of the high-frequency Ca2+ signal by SOCE inhibitors
The porcine eggs co-overexpressing mVenus-STIM1 and mTurquoise2-ORAI1 were
inseminated with fresh boar spermatozoa and changes in the intracellular free Ca2+ levels
were monitored. After about 30 mins, the inhibitors BTP2 or ML-9 were added to the
holding medium. We found that ML-9 stopped the ongoing high-frequency Ca2+
oscillations in the eggs expressing mVenus-STIM1 and mTurquoise2-ORAI1(n=7), or
mVenus-STIM1(n=5, Figure 3-4A-B). And BTP2 abolished the ongoing high-frequency
Ca2+ oscillations in the eggs expressing mVenus-STIM1 and mTurquoise2-ORAI1(n=5).
As demonstrated in the previous chapter, BTP2 and ML-9 can inhibit the sperm-induced
Ca2+ oscillations by blocking SOCE. All these results together indicate that the highfrequency Ca2+ oscillations in the fertilized eggs were caused by elevated levels of STIM1
and ORAI1 and they were sustained by SOCE.
Repetitive STIM1/ORAI1 interaction in fertilized eggs
To assess the possible interaction between STIM1 and ORAI1 at fertilization, eggs cooverexpressing mVenus-STIM1 and mTurquoise2-ORAI1 were inseminated. They were
placed in an incubator with 5% CO2 in air for 2 hours and subsequently FRET was
monitored in the fertilized eggs. Fertilization triggered an oscillating FRET signal (n=3,
Figure 3-5A) in the eggs with a frequency similar to that of the Ca2+ oscillations described
above (Figure 3-3B-C). The frequency of the oscillating signal was 27.52±9.6 rises per
hour, which was identical to that of the fertilization Ca2+ signal detected in the mVenusSTIM1/mTurquoise2-ORAI1-injected eggs. By the time the measurements began, the
FRET signal has already been initiated. We found that each FRET signal started with a
rapid increase that lasted for 26.03±3.21 seconds. Once it reached its maximum, the signal
decreased but remained elevated for several minutes, during which time it was
superimposed by several small spikes. The signal then returned to the baseline and another
sharp rise soon followed. Representative eggs showing FRET signal were selected as
Figure 3-5B.
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3.5

Discussion

In mammals, the initiation of embryo development is triggered by the repetitive
increases in the eggs’ intracellular free Ca2+ concentration at the time of fertilization [42].
The first Ca2+ transient that originates at the sperm-entry point and spreads rapidly across
the egg cytoplasm, is likely induced by the sperm-delivered molecule PLCζ [43]. PLCζ
triggers the waves by inositol 1,4,5-trisphosphate-mediated Ca2+ release from the
intracellular stores [44], and the frequency, amplitude and duration of the oscillations are
believed to decode crucial information for embryo development [45-47]. An influx of
extracellular Ca2+ is essential to sustain the train of Ca2+ spikes but it is not completely
clear what mechanism mediates the flow of Ca2+ across the plasma membrane. It has been
demonstrated previously that in pig eggs, SOCE sustains the sperm-induced Ca2+ transients.
This is indicated by the fact that the inhibition of SOCE or downregulation of either STIM1
or ORAI1 levels in the eggs abolished the oscillations, whereas overexpression of these
proteins altered the pattern of the repetitive signal drastically [25, 29]. The current
experiments were designed to gather further evidence in order to demonstrate the
interaction between the key SOCE components in the regulation of Ca2+ signaling at
fertilization.
We utilized FRET to explore the interaction between the major proteins implicated in
store-operated Ca2+ entry. During FRET, the efficiency of the energy transfer is determined
by the distance between the donor and acceptor, which makes FRET extremely sensitive
to small changes in distance [48]. Due to this high sensitivity, FRET is used extensively to
study protein-protein dynamic interactions in live cell. The most common FRET-based
reporter pair consists of cyan and yellow fluorescent proteins (CFP and YFP); in our
experiments, we used their brighter variants, mTurquoise2 as donor and mVenus as
acceptor [49]. We found that store depletion by pharmacological means led to an increase
in FRET in eggs co-expressing Turquoise2-ORAI1 and mVenus-STIM1. This was because
the release of Ca2+ from the ER led to the translocation of STIM1 and its interaction with
ORAI1 channels in the PM, and indicates that SOCE is operational in pig eggs. This is
similar to what has been reported by others earlier in other cell types. When Ca2+ release
from the ER was stimulated in human embryonic kidney cells, it was followed by the
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redistribution of STIM1, which occurred in parallel with a pronounced increase in FRET
between fluorophore-tagged STIM1 and ORAI1 [34, 50].
Now it’s clear that the luminal EF-hand motif on the N-terminus of STIM1 serves as
a Ca2+ sensor, while the two coiled-coil domains on the cytoplasmic C-terminus contains
the STIM-ORAI Activating Region (SOAR) [51]. SOAR is believed to be a dimer, which
at rest is obscured within the large C-terminus of the STIM1 dimer [52]. A decrease in the
luminal Ca2+ level is sensed by the EF hand motifs leading to the conformational changes
that involves an unfolding and extension of the cytoplasmic domains of STIM1 [53]. At
the same time, the SOAR domain becomes exposed and is therefore able to bind to the
other key component of SOCE, the ORAI1 channel in the PM, causing its activation to let
extracellular Ca2+ enter the cell [52, 54]. The ORAI1 channel is a hexamer formed by six
ORAI1 molecules [55]. Each molecule is a four transmembrane-spanning protein with
cytoplasmic N- and C-termini. The precise mechanism of the coupling between STIM1
and ORAI1 is still a matter of debate, but recent research indicates that the channel is
opened when SOAR of the unfolded STIM1 interacts with the STIM1 binding site on the
cytoplasmic transmembrane domain of ORAI1 [56, 57]. The elevated FRET signal we
detected after the CPA treatment of the eggs is indicative of this interaction.
In somatic cells, it has been observed that the EF-hands bind Ca2+ through their
negatively charged aspartate and glutamate residues in resting condition [8]. Store
depletion leads to the dissociation of Ca2+ from the EF hands, which causes STIM1
oligomerization, its relocation to ER-PM junctions and, eventually to activation of ORAI1
channels [58]. The clusters we observed directly showed the rearrangement of STIM1
following store depletion. In addition, the FRET increases we detected in eggs expressing
mVenus-STIM1 and

mTurquoise2-STIM1 after store depletion

indicates this

oligomerization. A similar phenomenon has been reported in other cell types: FRET
between YFP-STIM1 and CFP-STIM1 increased once Ca2+ was released from the
intracellular stores in HEK293, HeLa and rat basophilic leukemia (RBL) cells [34, 59, 60],
showing that STIM1 oligomerization precedes binding to ORAI1 and decreases once the
stores were full again [61].
It has been demonstrated that in fertilized pig eggs STIM1 plays a critical role in the
maintenance of the Ca2+ oscillations [25, 62]. Results of the experiments using the STIM1
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inhibitor ML-9 further support those findings. In the previous chapter, we showed that ML9 at low dose (25μM) slowed down the sperm-induced Ca2+ oscillations, whereas at higher
doses (50 and 100μM), it completely disrupted the Ca2+ signal. ML-9 also prevented Ca2+
entry induced by Ca2+ add-back after a CPA-induced store depletion. Here we observed
that in eggs overexpressing STIM1, the fertilizing sperm triggered Ca2+ oscillations whose
frequency was markedly higher than in control eggs, and the oscillations were disrupted by
ML-9. Its mechanism of action is probably through preventing STIM1 puncta formation,
this was shown in human embryonic kidney cells where ML-9 reportedly inhibited SOCE
and blocked the Ca2+-release-activated Ca2+ current [63]. In human embryonic kidney cells,
Ca2+ oscillations triggered by muscarinic-cholinergic receptor stimulation are also
supported by store-operated Ca2+ entry mediated by STIM1 and ORAI1 proteins [64]. In
mouse eggs, the overexpression of STIM1-CCb9 leads to oscillations with 10-fold higher
frequency [65]; CCb9 is a minimal activation domain in the cytoplasmic region of STIM1
which represents a minimal ORAI1 activation domain [66]. It is therefore not surprising
that overexpression of STIM1, or co-overexpression of STIM1 and ORAI1, influences the
signal pattern and leads to high-frequency oscillations.
Interestingly, for the previous works in our lab, eggs pre-injected with STIM1 and
ORAI1 cRNA were not able to mount long-lasting Ca2+ oscillations following fertilization
[25, 62]. This apparent contradiction can be resolved if one considers the expression levels
of external proteins and the stoichiometry of STIM1-ORAI1 coupling. Recent research
using dimeric SOAR concatemers demonstrated that only one of the two sites in the SOAR
dimer is needed for ORAI1 activation [57]. This coupling model predicts that six STIM1
dimers will interact with an ORAI1 channel, each binding to one of the six subunits of the
hexameric multimer. The model justifies earlier findings that the greatest ORAI1 channel
activation occurs when the STIM1:ORAI1 ratio is 2:1 [67, 68]. In addition, it also explains
why the expression levels of STIM1 and ORAI1 determine the properties of the storeoperated current [67, 69]. Elevation of the expression levels of the two proteins or that of
STIM1 alone in the current experiments increased the frequency of the sperm-induced Ca2+
signal which could be stopped by the STIM1 inhibitor ML-9. Most importantly, we
detected repetitive FRET signals in these eggs at fertilization, and its frequency was
identical to that of the Ca2+ oscillations. This suggests that STIM1 and ORAI1 repeatedly
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interact to generate a Ca2+ influx sustaining the oscillations. To our best knowledge this is
the first time repetitive STIM1-ORAI1 interaction has been demonstrated in eggs. Each
Ca2+ rise is associated with STIM1 translocating to ER-PM junctions and interacting with
ORAI1. We propose this leads to an increase in FRET and eventually, the opening of the
pore in plasma membrane for Ca2+ influx.
Taken together, the current experiments provide further evidence that the Ca2+
oscillations that activate the porcine egg and stimulate embryo development, are sustained
by store-operated Ca2+ entry. The Ca2+ influx from extracellular is stimulated by the release
of Ca2+ from its intracellular pool, and this process is mediated by repetitive interactions
between STIM1 and ORAI1 proteins.
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Figure 3-1 Depletion of the intracellular Ca2+ stores causes STIM1 oligomerization.
The oocytes were microinjected with mVenus-STIM1. As shown in the representative
images (A1-A3), STIM1 was localized in the cortical region of the ooplasm and ORAI1
appeared on the plasma membrane; the CPA treatment (B1-B3) leads to the re-distribution
of mVenus-STIM1 and formation of clusters (n=5-7 eggs per group with 3 replicates).
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Figure 3-2 The interaction between STIM1 and ORAI1 in porcine eggs.
Following mTurquoise2-ORAI1 and mVenus-STIM1 or mTurquoise2-STIM1 and
mVenus-STIM1expression, the oocytes were treated with CPA (arrow). (A) The SERCA
pump inhibitor CPA caused store depletion that was associated with a FRET increase
between mVenus-STIM1 and mTurqoise2-ORAI1 57.25±2.58s after the adding of CPA;
(B) a transient increase in the cytosolic free Ca2+ at 68.25±4.92s was also observed. (C)
CPA treatment of the eggs expressing mTurquoise2-STIM1 and mVenus-STIM1 also led
to an increase in the FRET signal indicating the formation of STIM1 clusters following
store depletion. (D) As a control, eggs expressing mTurquoise2-STIM1 or mTurquoise2ORAI1 only were treated with CPA. As expected, there was no FRET change in such eggs.
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Figure 3-3 Sperm-induced Ca2+ oscillations in eggs overexpressing STIM1, ORAI1 or both.
(A) eggs with high levels of ORAI1 expression displayed normal Ca2+ oscillations with
normal amplitude; (B) eggs with high levels of STIM1 expression displayed highfrequency oscillations with lower amplitude; (C) eggs co-overexpressing STIM1 and
ORAI1 showed Ca2+ oscillations with very high frequency; (D) the eggs injected with the
vehicle for cRNA showed normal oscillations; (E) the frequency of the Ca2+ oscillations in
the various eggs; the different letters indicate significant differences between eggs
expressing different genes; (F) a comparison of the average peak amplitude of the Ca2+
oscillations in the eggs. Different letters show significant differences between eggs
expressing different genes (P<0.05, n=7-12 eggs per group with 3 replicates).
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Figure 3-4 The involvement of STIM1 and ORAI1 in the maintenance of Ca2+ signals at
fertilization.
ML-9 is able to inhibit the oligomerization of STIM1. When added to the eggs (arrow), at
100 µM it completely disrupted the ongoing high frequency Ca2+ oscillations in the eggs
overexpressing STIM1(A). At 100 µM, ML-9 also completely disrupted the train of Ca2+
spikes in the eggs co-overexpressing STIM1and ORAI1(B). Addition of the carrier
medium had no effect on the Ca2+ signal. The high-frequency Ca2+ oscillations stopped
when BTP2 was added to the eggs overexpressing STIM1and ORAI1(C).
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Figure 3-5 Repetitive FRET increases in fertilized pig eggs expressing mVenus-STIM1
(acceptor) and mTurquoise2-ORAI1 (donor).
(A) The FRET signal started with a rapid increase that lasted for 26.03±3.21 seconds. The
frequency of the oscillating signal was 27.52±9.6 rises per hour, which was identical to
that of the fertilization Ca2+ signal detected in the mVenus-STIM1/mTurquoise2-ORAI1-injected eggs (n=3). (B) Representative eggs expressing FRET pairs during the
measurement. The pattern of the signal implies that the expressed proteins repeatedly
interacted with each other, which is consistent with store-operated Ca2+ entry sustaining
the oscillations.
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THE EFFECT OF MAGNESIUM ON THE SPERMINDUCED CALCIUM SIGNAL IN PORCINE EGGS

4.1

Abstract

In several cell types, magnesium (Mg2+) is known to inhibit calcium (Ca2+) signaling
pathways, with effects ranging from hindering inositol 1,4,5-trisphosphate-induced Ca2+
release to blocking mitochondrial Ca2+ uptake. It has a negative effect on fertilization in
mice, cats and humans, as both cleavage rate and blastocyst development decrease with
increased Mg2+ concentration in the fertilization medium. However, the mechanism
through which Mg2+ has its effects on fertilization has not been entirely elucidated. In the
present study, we investigated whether Mg2+ can inhibit the Ca2+ influx mechanism that
operates in eggs at fertilization. First, immature pig oocytes were collected from ovaries
obtained at an abattoir and matured in vitro in a chemically defined medium. After
maturation, the eggs were denuded of the surrounding cumulus cells, then loaded with the
Ca2+ indicator dye fura-2 and incubated in the presence of the SERCA pump blocker
cyclopiazonic acid (CPA) in Ca2+- and Mg2+-free medium for 2 hours. Ca2+ (3.75 mM) was
then added back to the medium (either alone, or together with 3.75 mM Mg2+) and changes
in the intracellular free Ca2+ concentration was monitored. Any increase in the cytosolic
Ca2+ level under such conditions is believed to be due to store-operated Ca2+ entry. We
found that the peak amplitude of the Ca2+ transient measured in the eggs was significantly
smaller when Mg2+ was present in the medium. Next, fura-2 loaded eggs were fertilized in
a medium containing 7.5 mM Ca2+ and changes in the cytosolic Ca2+ levels were monitored.
Once the sperm-induced Ca2+ oscillations were detected, various amount of Mg2+ was
added to the holding medium. The addition of Mg2+ disrupted the ongoing Ca2+ oscillations.
In response to 0.75 and 1.875 mM Mg2+, the frequency of the oscillations dropped from
4.33 ± 0.55 h-1 to 2.51 ± 0.28 and 2.01 ± 0.21 h-1 (P<0.05), while 3.75 mM Mg2+ completely
stopped the Ca2+ oscillations. Transient receptor potential melastatin 7 (TRPM7), a nonselective ion transporter with a kinase domain, may be involved in the negative effects of
Mg2+ on Ca2+ signaling. When the fertilized eggs were treated with the TRPM7 inhibitor
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NS8593, following an increase in the cytosolic Ca2+ level, the oscillations stopped in the
eggs. This Ca2+ rise induced by NS8593 was later shown to be the result of Ca2+ influx, and
it could be inhibited by the SOCE blocker ML9. Based on these results we concluded that
Mg2+ can negatively regulate Ca2+ signaling by indirectly inhibiting SOCE. Overall, the
current study provided additional evidences that SOCE is essential during signaling in
fertilized pig eggs. Clarifying the exact mechanism has far-reaching implications in
assisted reproductive technologies.

4.2

Introduction

Magnesium ion (Mg2+) exists in all cell types and plays an essential role in regulating
numerous cellular functions through enzymes associated with the synthesis of DNA and
RNA. Mg2+ is involved in over 600 enzymatic reactions through about 300 enzymes
including all enzymes involved in ATP metabolism or using nucleotides produce DNA and
RNA [1, 2]. Mg2+ is also a known inhibitor of various Ca2+ transport mechanisms in several
cell types with effects ranging from inhibition of Ca2+ influx through voltage-operated Ca2+
channels in frog neuromuscular junctions, guinea pig ventricular cells [3, 4] and cardiac
myocytes [5], inhibition of TRP channels [6, 7], NMDA receptors [8], ryanodine receptors
[9, 10], and hindering IP3-induced Ca2+ release to blocking mitochondrial Ca2+ uptake [11].
Considering the fact that Ca2+ drives the events of egg activation, it can be proposed that
Mg2+ may affect Ca2+ signaling and influence the Ca2+ oscillations at fertilization. It has
been observed that Ca2+ and Mg2+ in the medium are essential for sperm-egg fusion during
IVF [12]. Recently it has been observed that reduced Mg2+ concentrations in IVF media
benefits the cleavage of embryos from mice after IVF, both cleavage and blastocyst
formation in cats, and development of human embryos to the blastocyst stage following
intracytoplasmic sperm injection (ICSI) [13].
Although Mg2+ participates in many physiological activities, few mammalian Mg2+
transporters have been evaluated at the molecular level [14]. Among the recent Mg2+
transporters investigated, MagT1 and TUSC3 have been identified as key transporters for
cellular Mg2+ uptake and the development of embryo in zebrafish. When the expression of
MagT1 and TUSC3 are suppressed, the embryo development

is arrested and

the
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supplementation of Mg2+ or injection of mRNAs could rescue these effects [15]. The other
Mg2+ transporter, which has functions in the development of embryos, is transient receptor
potential melastatin 7 (TRPM7). The TRPM7 is identified as a subgroup of Mg2+
transporters that serves as a non-selective cation channel conducting Mg2+, Ca2+, Co2+,
Mn2+, Ni2+ and Zi2+, but it also has an intrinsic kinase domain [16]. With the ion channel
and active kinase domains, TRPM7 is not only be able to regulate cellular activities by
transporting ions into cells, but also by phosphorylating targeted proteins. To study the
function of TRPM7, multiple mouse lines with a targeted deletion of the Trpm7 gene had
been established. Mouse lines with global deletion of TRPM7 cannot generate any live pup
because TRPM7null/null mice die prenatally, and the embryonic lethality revealed that
TRPM7 is required for the normal embryo development [17, 18]. In another study, when
the kinase domain was deleted the homozygous TRPM7∆kinase mice also showed early
embryonic lethality [19]. Furthermore, these results showed that TRPM7 is an essential
factor in the very early stage of embryo development, but it is still unclear how TRPM7
participates in these processes.
It has been determined that the activation of TRPM7-like channels is responsible for
mediating Ca2+ influx in mouse immature and mature eggs, which is required for the
fertilization [20]. In addition, when these channels in eggs are pharmacological inhibited,
after fertilization, the development of pre-implantation embryos are delayed and their
progression to the blastocyst stage are reduced, which is consistent with the results seen in
knockout mice [20]. It seems that the TRPM7-like channels in mouse eggs and embryos
are important for the initiation of embryo development [20]. Similarly, another study also
demonstrated that TRPM7-like channels could support spontaneous Ca2+ influx which was
largely prevented by NS8593, a specific blocker of TRPM7, and the sperm-induced Ca2+
oscillations were also impaired by the inhibitor [21].
Meanwhile, recent studies reported that store-operated calcium entry (SOCE) could be
a novel target of TRPM7 kinase activity. When TRPM7 was knocked out, SOCE in chicken
DT40 B lymphocytes was greatly impaired showing a reduced Ca2+ current after the
depletion of the intracellular Ca2+ stores [22]. Similar results were observed when wildtype B lymphocytes were treated with TRPM7 inhibitors such as NS8593 or waixenicin,
without TRPM7 representing a store-operated channel itself. Using kinase-deficient
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mutants, these researchers found that TRPM7 regulates SOCE through its kinase domain
and concluded that the kinase domain of TRPM7 and SOCE are synergistic mechanisms
regulating intracellular Ca2+ homeostasis [22].
Based on these studies, we hypothesized that Mg2+ may negatively affect Ca2+
oscillations at fertilization in porcine eggs by inhibiting TRPM7 to disrupt the activity of
SOCE, and ultimately impair the sperm-induced Ca2+ oscillations and subsequent embryo
development. To test our hypothesis, Mg2+ and NS8593, the TRPM7 inhibitor were applied
to better understand the function of Mg2+ in the regulation of Ca2+ signaling at fertilization.

4.3

Materials and Methods

Chemicals
All chemicals used in this study were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO) unless otherwise indicated.
Oocyte maturation
Ovaries collected from pre-pubertal gilts were donated by a local slaughterhouse
(Indiana Packers Corporation, Delphi, IN). Follicular fluid was aspirated from follicles (36 mm in diameter) using a syringe and a 20G hypodermic needle. The cumulus-oocytes
complexes (COCs) were rinsed twice in Hepes-buffered Tyrode's Lactate (TL-Hepes)
medium [23] and then 3 times in maturation medium without hormones. They were then
transferred into maturation medium (50 oocytes per 0.5 ml of medium) consisting of TCM199 supplemented with 0.57 mM cysteine, 3.05 mM D-glucose, 0.91 mM sodium pyruvate,
10 ng/ml epidermal growth factor (EGF), 0.5 IU/ml ovine luteinizing hormone (LH), 0.5
IU/ml porcine follicle stimulating hormone (FSH), 0.1% polyvinyl alcohol (PVA), 75
mg/ml penicillin and 50 mg/ml streptomycin [24]. Maturation was conducted at 39 ℃ and
5% CO2 in air with 100% humidity. After 42 hours of maturation, the COCs were
transferred into TL-Hepes containing 1 mg/ml hyaluronidase and the cumulus cells were
removed by vortexing for 1 minute. The quality of eggs was evaluated by morphological
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assessment. Eggs having an intact plasma membrane, evenly dark cytoplasm and an
extruded first polar body were selected and used for the experiments.
In vitro fertilization
Mature eggs were rinsed in a modified Tris-buffered medium (mTBM) as fertilization
medium consisting of 113.1 mM NaCl, 3mM KCl, 7.5 mM CaCl2x2H2O, 20 mM Tris
(crystallized free base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% bovine serum
albumin (BSA), and 1 mM caffeine [24]. For each group, 20 to 30 eggs were placed into
50 µl droplets of mTBM covered with mineral oil. Fresh semen collected from a large
white boar was diluted in Modena extender and kept at 17oC until use. Right before in vitro
fertilization, the semen was washed twice by centrifugation at 900 g for 4 min in Dulbecco's
phosphate-buffered saline (DPBS). The final sperm pellet was diluted with the fertilization
medium and the sperm suspension, at a final concentration of 5×105 cells/ml, was added to
the eggs. The gametes were co-incubated for 2 h in a CO2 incubator at 39oC prior to the
beginning of the fluorescence recordings.
Evaluation of store-operated Ca2+ entry
To evaluate the store-operated Ca2+ entry, the intracellular Ca2+ stores in endoplasmic
reticulum were depleted using a specific and reversible blocker of the SERCA pumps,
cyclopiazonic acid (CPA) [25-27]. In order to empty the intracellular Ca2+ stores, the eggs
were incubated in Ca2+ free TL-Hepes medium containing 10 mΜ CPA for 2 hours. The
Ca2+ indicator dye fura-2 was added to the medium for 45 min. The eggs were then
transferred to the measuring chamber in a drop of Ca2+ free TL-Hepes medium and after
recording the baseline Ca2+ level (as described in the following section), Ca2+ with or
without Mg2+ was added back to the medium at a final concertation of 2 mM. The changes
in Ca2+ levels were then monitored.
Measuring cytosolic free Ca2+ concentrations
The fertilized eggs were loaded with the Ca2+ indicator dye fura-2 by incubation in the
presence of 2 µM fura-2 LeakRes (AM) and 0.02% pluronic F-127 (Invitrogen; Carlsbad,
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CA) for 45 min. After incubation, they were transferred to a special chamber with a glass
coverslip as the bottom (to allow fluorescent recordings) in a drop of mTBM medium. BSA
was omitted from this medium in order to attach the oocytes to the bottom of the chamber
and prevent their movement during measurements. The chamber was placed on the heated
stage of an inverted microscope (Nikon TE2000-U; Nikon Corporation; Tokyo, Japan) and
was connected to a gas tank containing 5% CO2 in air to maintain the optimal pH of the
medium. The changes in the intracellular free Ca2+ concentration of the oocytes were
recorded using InCyt Im2, a dual-wavelength fluorescence imaging system (Intracellular
Imaging, Inc.; Cincinnati, OH). Fura-2 was excited alternately at 340 and 380 nm and the
emitted fluorescence was detected at 510 nm using a Pixelfly CCD camera. The emitted
fluorescence intensities (F) were normalized by dividing them by the resting values (F0)
and are presented as relative units. The measurements in each experiment were repeated at
least 10 times using different eggs.
Statistical analysis
The data of Ca2+ frequency and amplitude were compared by one-way analysis of
variance (ANOVA) using the IBM SPSS software (IBM Corporation; Armonk, NY, USA).
The normality of data was assessed by Descriptive Statistics-Explore, and the outliers were
defined as observations that fall below 3 IQR or above 3 IQR (interquartile range).
Percentage data were analyzed by Chi-square test. Differences among different treatment
were analyzed by Tukey’s test, and differences with P<0.05 were considered significant.
In the text, the “n” refers to the number of eggs examined during the course of each
experiment.

4.4

Results

Mg2+ inhibits Ca2+ oscillations in porcine eggs at fertilization
First, we investigated whether Mg2+ can inhibit the Ca2+ influx mechanism that operates
in eggs at fertilization. Mature eggs were loaded with the Ca2+ indicator dye and incubated
in the presence of the SERCA pump blocker cyclopiazonic acid (CPA) in Ca2+- and Mg2+-
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free medium for 2 hours. Ca2+ (3.75 mM) was then added back to the medium (either alone,
or together with 3.75 mM Mg2+) and changes in the intracellular free Ca2+ concentration
were monitored. Under these conditions, an increase in the intracellular free Ca2+ level is
due to store-operated Ca2+ entry. We found that the peak amplitude of the Ca2+ transient
measured in the oocytes was significantly smaller when Mg2+ was present in the medium
(1.71±0.24 vs 1.01±0.08, n=30, P<0.05; Figure 4-1A). This means that the Mg2+
introduced to the medium blocked Ca2+ entry following the depletion of the intracellular
Ca2+ stores.
Next, fura-2-loaded eggs were fertilized in a medium containing 7.5 mM Ca2+ and
changes in the cytosolic free Ca2+ levels were monitored. Once the sperm-induced Ca2+
oscillations were detected, various amounts of Mg2+ (0.75, 1.875, and 3.75 Mm, Figure 41B-D) were added to the holding medium. The addition of Mg2+ disrupted the ongoing
Ca2+ oscillations in every case. In response to 0.75 and 1.875 mM Mg2+, the frequency of
the oscillations dropped from 4.33±0.55 h-1 (n=17) to 2.51±0.28 (n=11) and 2.01±0.21 (n=8)
compared that of the control group (P<0.05), while 3.75 mM Mg2+ (n=13) completely
stopped the Ca2+ oscillations (Figure 4-1F). In control experiments, the adding of mTBM
medium had no effect on the sperm-induced Ca2+ signal (Figure 4-1E).
Finally, we wanted to know what effect extracellular Mg2+ during fertilization had on
subsequent embryo development. Porcine eggs were fertilized in the presence of various
amounts of Mg2+ and embryo development was monitored. When 0.75 mM Mg2+ was
added to the IVF medium, both the percentage of cleaved eggs and the formation of
blastocysts formation dropped significantly, as shown in Table 1. Collectively, these results
provided direct evidence that the Mg2+ in the extracellular medium blocked Ca2+ influx
across the oolemma, disrupted the crucial Ca2+ oscillations in the eggs, and thus caused the
failure of fertilization and subsequent embryo development. The question is, how does
Mg2+ achieve the inhibition of Ca2+ entry? This was addressed in the following experiments.
The inhibition of TRPM7 disrupts the fertilization Ca2+ signal
TRPM7 as a non-selective ion channel required for early stage embryo development in
mice [17, 23]. It has been reported that TRPM7 is constitutively active and sensitive to
suppression by intracellular free Mg2+ [24]. At the same time one recent study claimed that
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TRPM7-like channels may contribute to Ca2+ influx through a mechanism other than SOCE
[21]. Here we determined the effect of the TRPM7 inhibitor NS8593 on the sperm-induced
Ca2+ oscillations in porcine eggs. After the onset of the repetitive Ca2+ rises, NS8593 was
added to the holding medium at different final concentrations (5, 10 and 25 μΜ). At 5 μΜ
concentration, NS8593 slowed down the ongoing Ca2+ oscillations (n=23, Figure 4-2A,
P<0.05), whereas at 10 and 20 μΜ, it completely stopped the oscillations (n=17 and 24,
Figure 4-2B-D). Interestingly, at these concentrations NS8593 also caused a small rise in
the cytoplasmic free Ca2+ level before disrupting the train of Ca2+ spikes. It seems that
NS8593 not only impairs the maintenance of the Ca2+ oscillations, but at the same time it
causes either the release of Ca2+ from the intracellular stores or alternatively, an influx of
Ca2+ from the extracellular medium. To investigate the source of Ca2+, the eggs were placed
in either normal TL-HEPES (that contains 2 mM Ca2+) or Ca2+-free TL-HEPES. After
recording the baseline Ca2+ level in the eggs, NS8593 at a final concentration of 20 μΜ
was added to the medium. As seen in Figure 4-3A, the addition of Ca2+ was followed by
an immediate increase in the intracellular Ca2+ levels if the extracellular medium contained
2 mM Ca2+, but the increase was absent in Ca2+-free medium. This suggests that the rise in
the intracellular Ca2+ level in response to NS8593 was caused by an influx of Ca2+ across
the plasma membrane.
The TRPM7 channel does not conduct Ca2+ current at porcine fertilization
TRPM7 is considered a transporter of Mg2+, while some believe it can also serve as a
Ca2+ channel [7]. To better understand the pathway for Mg2+ to affect Ca2+ signals, and to
clarify the potential role of TRPM7 in Ca2+ signaling at fertilization, porcine eggs were
incubated in Ca2+ free medium in the presence of CPA in order to empty the intracellular
stores. Following the depletion of the Ca2+ stores, the eggs were placed in Ca2+-free TLHepes medium and the TRPM7 inhibitor NS8593 was added into the medium. We found
that this did not cause an increase in the cytosolic free Ca2+ levels in the eggs (n=30),
consistent with what was found in the previous experiment. However, when Ca2+ was
added back to the medium we detected an increase in the intracellular Ca2+ concentration
in the eggs (n=28, Figure 4-3B), which was similar to the eggs in absence of NS8593 (n=25,
Figure 4-3C). This is a clear indication that TRPM7 does not serve as a Ca2+ channel under
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these conditions as the influx takes place even in the presence of its inhibitor. Importantly,
when the STIM1 blocker ML9 was added to the eggs before NS8593, no Ca2+ increase
occurred (n=29, Figure 4-3D). These results help us understand the complex mechanism
by which Mg2+ and TRPM7 affects Ca2+ signaling in porcine eggs.

4.5

Discussion

The repetitive Ca2+ rises in eggs at fertilization drive the events of eggs activation.
Factors that influence these signals may cause the failure of fertilization and subsequent
embryo development. In the current study, we evaluated the role of Mg2+, as one of the
most abundant ions in organisms, in the regulation of Ca2+ signals at fertilization. We
observed that Mg2+ in IVF medium can disrupt the ongoing Ca2+ oscillations resulting in
poor embryo development at the very early stage. These findings are consistent with those
of a previous study, which reported that reduced levels of Mg2+ in the IVF or embryo
culture medium had a positive effect on the cleavage rate and embryo development in the
mouse, cat and human [13]. However, in that particular study it was unclear at which stage
and through what mechanism Mg2+ had these effects. Here we revealed that Mg2+ impaired
the crucial sperm-induced Ca2+ signals at fertilization by inhibiting SOCE.
TRPM7 has long been known as a non-selective cation channel [28]. Recently it has
been proposed to act as a Ca2+ channel mediating Ca2+ entry during fertilization in the
mouse [21]. The same study also reported that Mg2+ added to the fertilization medium
inhibited the Ca2+ influx through TRPM7. However, it has been reported that TRPM7
contains an ion channel domain and an active protein kinase domain as well [29].
Meanwhile, the results from another study in DT40 B-lymphocytes revealed that it is the
kinase domain of TRPM7, rather than its channel domain, that is required for SOCE [22].
In porcine eggs, SOCE is the main pathway sustaining Ca2+ oscillations at fertilization [30].
In our effort to understand the mechanism by which Mg2+ inhibits SOCE, we examined
TRPM7. When TRPM7 was pharmacologically blocked using NS8593 in fertilized pig
eggs, the Ca2+ oscillations stopped abruptly. NS8593 has been identified as a specific
TRPM7 inhibitor with no effect on other TRP channels. It has also been found to interfere
with the Mg2+-dependent regulation of TRPM7 [31], to block both the current through the
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TRPM7 channel and to decrease the activity of the TRPM7 kinase [22]. The fact that the
TRPM7 blocker can disrupt the Ca2+ oscillations indicates that TRPM7 might be involved
in the maintenance of the sperm-induced Ca2+ signal. In mouse eggs it was proposed to
mediate Ca2+ influx that contributes to the maintenance of the oscillations [21] and the
possibility exists that in pig eggs it may behave similarly. Alternatively, TRPM7 may
regulate the SOCE mechanism through its kinase domain [22]. When addressing the first
possibility, we found that SOCE was operational even in the presence NS8593, an inhibitor
of the channel domain of TRPM7. In addition, the Ca2+ influx took place in the presence
of NS8593 (that blocks the TRPM7 channel) in eggs with empty Ca2+ stores. Taken
together, these data imply that TRMP7 does not act as a Ca2+ channel in pig eggs and it
may affect Ca2+ influx through another, indirect mechanism.
In a number of cell types, Mg2+ has an inhibitory effect on the kinase function of the
TRPM7 protein [32, 33]. Several studies has showed that TRPM7 is constitutively active
and its activity is regulated by intracellular free Mg2+ through its kinase domain [18, 34].
A mutation termed T1482I in the kinase domain of TPM7 influences how the channel
responds to Mg2+ [28]. It is conceivable that in our experiments, TRPM7 transported Mg2+
across the plasma membrane, the intracellular Mg2+ then inhibited the kinase domain of
TRPM7, which in turn downregulated SOCE that occurs across the plasma membrane of
the eggs. As described in Chapter 2&3 the components of SOCE in porcine eggs are active
and the STIM1 protein can sense the changes in the content of the intracellular Ca2+ stores
and ORAI1, the Ca2+ influx channel in the plasma membrane. Recently, it has been found
that for somatic cells TRPM7 is needed for STIM1’s function of controlling Ca2+ influx
[22]. In our experiment, when the eggs were pre-treated with the STIM1 inhibitor ML9,
NS8593 could not induce the Ca2+ influx. In endothelial cells, depletion of the intracellular
Ca2+ stores rapidly induces STIM1 phosphorylation at Y361 via proline-rich kinase 2
(Pyk2) and the phospho-defective STIM1-Y361F mutant was only able to form puncta but
failed to recruit ORAI1, thereby preventing Ca2+ entry [35]. Another study proved that
ERK1/2 catalyzes the phosphorylation of STIM1 on three residues Ser575, Ser608, and
Ser621 when the Ca2+ store is depleted, and once the Ca2+ enter the cell and store refilled,
the phosphorylation status drops to baseline level [36]. These results suggest that TRPM7
may regulate the activity of STIM1 by phosphorylation via its kinase domain. More
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importantly, based on the results of the current studies, it can be concluded that the elevated
Mg2+ level in the extracellular medium leads to the suppression of TRPM7 and causes the
disruption of STIM1 activity and Ca2+ influx in porcine eggs at fertilization.

82

4.6

References

1.

Cowan, J., Structural and catalytic chemistry of magnesium-dependent enzymes.
Biometals, 2002. 15(3): 225-235.

2.

De Baaij, J.H., J.G. Hoenderop, and R.J. Bindels, Magnesium in man: implications
for health and disease. Physiological reviews, 2015. 95(1): 1-46.

3.

Dodge, F. and R. Rahamimoff, Co-operative action of calcium ions in transmitter
release at the neuromuscular junction. The Journal of physiology, 1967. 193(2):
419-432.

4.

Lansman, J.B., P. Hess, and R.W. Tsien, Blockade of current through single
calcium channels by Cd2+, Mg2+, and Ca2+. Voltage and concentration dependence
of calcium entry into the pore. The Journal of General Physiology, 1986. 88(3):
321-347.

5.

White, R.E. and H.C. Hartzell, Effects of intracellular free magnesium on calcium
current in isolated cardiac myocytes. Science, 1988. 239(4841): 778-780.

6.

Kozak, J.A., et al., Charge screening by internal pH and polyvalent cations as a
mechanism for activation, inhibition, and rundown of TRPM7/MIC channels. The
Journal of general physiology, 2005. 126(5): 499-514.

7.

Nadler, M.J., et al., LTRPC7 is a Mg-ATP-regulated divalent cation channel
required for cell viability. Nature, 2001. 411(6837): 590.

8.

Nowak, L., et al., Magnesium gates glutamate-activated channels in mouse central
neurones. Nature, 1984. 307(5950): 462-465.

9.

Meissner, G., E. Darling, and J. Eveleth, Kinetics of rapid calcium release by
sarcoplasmic reticulum. Effects of calcium, magnesium, and adenine nucleotides.
Biochemistry, 1986. 25(1): 236-244.

10.

Pessah, I.N., A.L. Waterhouse, and J.E. Casida, The calcium-ryanodine receptor
complex of skeletal and cardiac muscle. Biochemical and biophysical research
communications, 1985. 128(1): 449-456.

11.

Kirichok, Y., G. Krapivinsky, and D.E. Clapham, The mitochondrial calcium
uniporter is a highly selective ion channel. Nature, 2004. 427(6972): 360.

12.

Hoshi, K., et al., Effects of calcium and magnesium on in vitro fertilization in human.
Nihon Sanka Fujinka Gakkai zasshi, 1982. 34(11): 1899-1906.

13.

Herrick, J.R., et al., The beneficial effects of reduced magnesium during the oocyteto-embryo transition are conserved in mice, domestic cats and humans.
Reproduction, Fertility and Development, 2015. 27(2): 323-331.

83

14.

Quamme, G.A., Molecular identification of ancient and modern mammalian
magnesium transporters. American Journal of Physiology-Cell Physiology, 2010.
298(3): C407-C429.

15.

Zhou, H. and D.E. Clapham, Mammalian MagT1 and TUSC3 are required for
cellular magnesium uptake and vertebrate embryonic development. Proceedings of
the National Academy of Sciences, 2009. 106(37): 15750-15755.

16.

Feske, S., et al., Ion channels and transporters in lymphocyte function and immunity.
Nature reviews. Immunology, 2012. 12(7): 532.

17.

Jin, J., et al., Deletion of Trpm7 disrupts embryonic development and thymopoiesis
without altering Mg2+ homeostasis. Science, 2008. 322(5902): 756-760.

18.

Schmitz, C., et al., Regulation of vertebrate cellular Mg2+ homeostasis by TRPM7.
Cell, 2003. 114(2): 191-200.

19.

Ryazanova, L.V., et al., TRPM7 is essential for Mg2+ homeostasis in mammals.
Nature communications, 2010. 1: 109.

20.

Carvacho, I., et al., TRPM7-like channels are functionally expressed in oocytes and
modulate post-fertilization embryo development in mouse. Scientific reports, 2016.
6.

21.

Bernhardt, M.L., et al., Store-operated Ca2+ entry is not required for fertilizationinduced Ca2+ signaling in mouse eggs. Cell Calcium, 2017.

22.

Faouzi, M., et al., The TRPM7 channel kinase regulates store-operated calcium
entry. The Journal of physiology, 2017. 595(10): 3165-3180.

23.

Bavister, Barry D. A consistently successful procedure for in vitro fertilization of
golden hamster eggs. Molecular Reproduction and Development 23.2 (1989): 139158.

24.

Abeydeera, L.R., et al., Maturation in vitro of pig oocytes in protein-free culture
media: fertilization and subsequent embryo development in vitro. Biology of
reproduction, 1998. 58(5): 1316-1320.

25.

Seidler, N.W., et al., Cyclopiazonic acid is a specific inhibitor of the Ca2+-ATPase
of sarcoplasmic reticulum. Journal of Biological Chemistry, 1989. 264(30): 1781617823.

26.

Uyama, Y., Y. Imaizumi, and M. Watanabe, Effects of cyclopiazonic acid, a novel
Ca2+‐ATPase inhibitor, on contractile responses in skinned ileal smooth muscle.
British journal of pharmacology, 1992. 106(1): 208-214.

84

27.

Clapham, D.E., L.W. Runnels, and C. Strübing, The TRP ion channel family.
Nature reviews. Neuroscience, 2001. 2(6): 387.

28.

Hermosura, M.C., et al., A TRPM7 variant shows altered sensitivity to magnesium
that may contribute to the pathogenesis of two Guamanian neurodegenerative
disorders. Proceedings of the National Academy of Sciences of the United States
of America, 2005. 102(32): 11510-11515.

29.

Fleig, A. and V. Chubanov, Trpm7, in Mammalian transient receptor potential
(TRP) cation channels,2014, Springer. p. 521-546.

30.

Wang, C., et al., Store-operated Ca2+ entry sustains the fertilization Ca2+ signal in
pig eggs. Biology of reproduction, 2015. 93(1): 25.

31.

Chubanov, V., et al., Natural and synthetic modulators of SK (Kca2) potassium
channels inhibit magnesium-dependent activity of the kinase-coupled cation
channel TRPM7. British journal of pharmacology, 2012. 166(4): 1357-1376.

32.

Penner, R. and A. Fleig, The Mg2+ and Mg2+-nucleotide-regulated channel-kinase
TRPM7. Transient Receptor Potential (TRP) Channels, 2007: 313-328.

33.

Bates-Withers, C., R. Sah, and D.E. Clapham, TRPM7, the Mg2+ inhibited channel
and kinase, in Transient Receptor Potential Channels2011, Springer. p. 173-183.

34.

Hermosura, M.C., et al., Dissociation of the store-operated calcium current ICRAC
and the Mg-nucleotide-regulated metal ion current MagNuM. The Journal of
physiology, 2002. 539(2): 445-458.

35.

Yazbeck, P., et al., STIM1 Phosphorylation at Y361 Recruits Orai1 to STIM1
Puncta and Induces Ca2+ Entry. Scientific Reports, 2017. 7.

36.

Pozo-Guisado, E., et al., Phosphorylation of STIM1 at ERK1/2 target sites
regulates interaction with the microtubule plus-end binding protein EB1. J Cell Sci,
2013. 126(14): 3170-3180.

85

B

A
Ca2+
Ca2+ + Mg2+

0.75 mM Mg2+
C

D

1.875 mM Mg2+
E

3.75 mM Mg2+
F

Figure 4-1 Mg2+ inhibits Ca2+ oscillations by blocking SOCE in porcine eggs at fertilization.
(A) The eggs were treated with CPA to deplete Ca2+ store and then Ca2+ was added back
alone or with Mg2+ (as arrow indicated). It was observed that the peak amplitude of the
Ca2+ transient measured in the oocytes was significantly smaller when Mg2+ was present
in the medium (1.71±0.24 vs 1.01±0.08, n=30, P<0.05). (B-E) Cytosolic free Ca2+ changes
were monitored in fertilized eggs. Various amounts of Mg2+ (0.75, 1.875, 3.75, and 0 mM)
were added to the holding medium (as arrow indicated). In response to 0.75 and 1.875 mM
Mg2+, the frequency of the oscillations dropped from 4.33±0.55 h-1 (n=17) to 2.51±0.28
(n=11) and 2.01±0.21(n=8) compared that of the control group(P<0.05), while 3.75 mM
Mg2+ completely stopped the Ca2+ oscillations (n=13). (F) The difference of the frequency
of the oscillations in eggs treated with Mg2+ are significant (P<0.05).
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Table 1 Embryo development of eggs fertilized in the presence of extracellular Mg2+
No. of eggs
No. (%) of 2-cell
No. (%) of
fertilized
embryos
blastocysts
Control
151
66 (43.24±12.0)a
34 (22.95±10.8)a
2+
b
0.75 mM Mg
153
24 (15.95±8.3)
6 (3.66±5.2)b
a,b
Different superscripts in the same column indicate significant differences (P<0.05)
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A
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D
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Figure 4-2 The effect of the TRPM7 inhibitor NS8593 on the sperm-induced Ca2+
oscillations in porcine eggs.
(A) After the onset of the repetitive Ca2+ rises, as arrow indicated, NS8593 was added to
the holding medium at different final concentrations (5, 10, and 25 μΜ). (B-C) At 5 μΜ
concentration, NS8593 slowed down the ongoing Ca2+ oscillations in eggs (n=23).
Whereas at 10 and 20 μΜ, NS8593 caused a small rise in the cytoplasmic free Ca2+ level
before it completely stopped the train of Ca2+ spikes (n=17&24). (D) the eggs treated with
DMSO as control (n=28).
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A

Ca2+ free Hepes

B

2 mM Ca2+ Hepes

20 µM NS8593

20 µM NS8593

C

Ca2+

D

Ca2+

100 µM ML9

20 µM NS8593

Figure 4-3 The role of TRPM7 in regulating store-operated Ca2+ entry in porcine.
(A) To investigate the source of Ca2+, after recording the baseline Ca2+ level, these eggs
were treated with NS8593 at a final concentration of 20 μΜ. There was an immediate Ca2+
increase in eggs placed in the medium contained 2 mM Ca2+ (n=30), but the increase was
absent in Ca2+-free medium. Following store depletion by CPA, the eggs were placed in
Ca2+-free TL-Hepes medium (n=30). (B&C) The TRPM7 inhibitor NS8593 was added into
the medium and then Ca2+ was added back to the medium, there was still an increase of
Ca2+ in the eggs (n=28) like the control group without NS8593 treatment (n=25). (D)When
the STIM1 blocker ML-9 was added to the medium before NS8593, no Ca2+ increase
occurred in eggs (n=29).
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SUMMARY AND FUTURE DIRECTIONS

5.1

Summary

At fertilization, two highly differentiated cells, the male and female gametes unite to
form an embryo and initiate the growth of a new life. Dramatic changes take place in the
eggs during this process, which collectively are called the events of egg activation. One of
the very first changes is an increase in the intracellular free Ca2+ concentration, and it has
been well established from a variety of studies that this Ca2+ increase is the main driver of
egg activation. In most animal species, the sperm triggers a single rise in the cytosolic Ca2+
level, while in mammals a series of Ca2+ transients called oscillations occur. The unique
features of the Ca2+ signals in eggs have attracted researchers to investigate the mechanism
underlying its initiation, maintenance, and termination. It is now widely accepted that the
Ca2+ oscillations in mammalian eggs are induced by a sperm-derived protein,
phospholipase C zeta (PLCζ). This PLCζ diffuses from the sperm head into the ooplasm
where it catalyzes the hydrolysis of PIP2 to generate IP3 and DAG. IP3 then binds to its
receptor in the membrane of ER to release Ca2+ from intracellular store [1]. Elevated levels
of cytosolic Ca2+ then stimulates a great number of enzymes leading to the initiation of
embryo development. In the meantime, the empty Ca2+ pool causes an influx of Ca2+ from
the extracellular space to replenish the store and sets the stage for additional rounds of
oscillations that last for several hours. Since the observation of Ca2+ changes in eggs at
fertilization a few decades ago, several theories on the Ca2+ entry channels that sustain the
oscillations have been proposed, but the debate has not been settled yet. In the current thesis,
I investigated whether store-operated Ca2+ entry (SOCE) is the mechanism that conducts
the Ca2+ influx in porcine eggs at fertilization.
SOCE is a pathway used by many types of somatic cells to allow the entry of
extracellular Ca2+ following store depletion. The mobilization of stored Ca2+ led to Ca2+
influx, indicating that SOCE is functional in porcine eggs. When we treated the eggs that
had empty Ca2+ stores with SOCE inhibitors, adding Ca2+ back to the medium did not cause
Ca2+ entry, suggesting that the mechanism that mediates Ca2+ entry under these conditions
is really SOCE. Furthermore, the supplementation of the holding medium with these
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inhibitors could stop the ongoing Ca2+ oscillations in fertilized porcine eggs. Of these
inhibitors, ML9 was especially remarkable. ML9 is known to disrupt the formation STIM1
clusters and prevent their movement to ER-PM junctions in HEK293 cells [2]; it effectively
disrupted the sperm-induced Ca2+ oscillations in the eggs. It is therefore highly probable
that in porcine eggs SOCE is responsible for conducting Ca2+ influx at the time of
fertilization, and STIM1 together with ORAI1 play an essential role in this process.
The mechanism of SOCE in somatic cells has been deeply elucidated. In addition,
fluorescence resonance energy transfer (FRET) has been used in many studies to detect the
interaction between the protein components of SOCE, STIM1 and ORAI1. We utilized this
technique to observe SOCE in porcine eggs in real time to overcome the difficulty of
detecting the dynamic interactions between proteins. STIM1 and ORAI1 tagged with
various fluorophores were expressed in porcine eggs. We found that store depletion led to
an increase in the FRET signal in eggs co-expressing mVenus-STIM1 and mTurquoise2ORAI1, indicating that Ca2+ release was followed by an interaction between these proteins.
Similarly, a FRET increase was also detected in eggs co-expressing mVenus-STIM1 and
mTurquoise2-STIM1, which is consistent with the fact that STIM1 molecules oligomerize
and form clusters known as puncta after store depletion. Importantly, in fertilized eggs coexpressing mVenus-STIM1 and mTurquoise2-ORAI1, we detected repetitive rises in the
FRET signal, implying that SOCE is functional during the sperm-induced Ca2+ oscillations.
When the eggs overexpressing mVenus-STIM1 were inseminated with boar
spermatozoa, the fertilized eggs showed high-frequency Ca2+ oscillations. Similar highfrequency Ca2+ oscillations were also detected in eggs co-expressing mVenus-STIM1 and
mTurquoise2-ORAI1; and the frequency of the oscillations was not different from that of
the repetitive FRET signal, arguing for an active role of the proteins in sustaining the
oscillations. Fertilized eggs overexpressing ORAI1 only showed oscillations that were not
different from that measured in control non-injected eggs. The high-frequency Ca2+
oscillations in the eggs were stopped by the SOCE inhibitors BTP2 and ML9, which
indicates that the SOCE components STIM1 and ORAI1 are functional and their
stoichiometry determines the frequency of the Ca2+ oscillations. Overall, these evidences
presented in this thesis clearly suggest that SOCE is the mechanism that mediates the Ca2+
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influx in porcine eggs at fertilization through the interaction of its protein components,
STIM1 and ORAI1.
It was noticed long time ago, that the magnesium ion (Mg2+) interferes with the Ca2+
signal in different cells, and recently several researchers reported that Mg2+ negatively
effects the results of in vitro fertilization in different animal species including humans [3].
With the knowledge of the mechanism that regulates the Ca2+ signal in eggs at fertilization,
we hypothesized that Mg2+ may disrupt the Ca2+ oscillations at fertilization and weaken the
potential of embryo development by affecting Ca2+ influx. We found that Mg2+ can slow
down or completely stop the ongoing Ca2+ oscillations and caused a failure of subsequent
embryo development. Further experiments provided evidence about the involvement of the
TRPM7 channel, which may participate in the regulation of SOCE [4]. Currently, results
from our experiments support the notion that Mg2+ may suppress the activity of TRPM7 in
eggs leading to the disruption of normal SOCE function in porcine eggs at fertilization.
With these studies, we may be able to build a deeper understanding of the regulation of the
unique Ca2+ signal at fertilization and its long-term effects on embryo development.

5.2

Limitations and Possible Alternations

In the present experiments, we investigated the regulation of the unique and crucial
Ca2+ signals in porcine eggs at fertilization. We found that SOCE is responsible for
conducting Ca2+ influx to sustain the repetitive Ca2+ increases, and Mg2+ negatively affects
this regulation through TRPM7. In all the experiments presented here, the eggs we used
were collected from the ovaries of pre-pubertal gilts and matured in vitro. For these eggs,
the growth and nuclear maturation is complete, but cytoplasmic maturation, which is
crucial for the oocytes to gain full developmental competence, may be inadequate [5].
Cytoplasmic maturation involves a number of changes such as organelle reorganization,
accumulation of mRNAs, proteins and transcription factors that influence not only the
process of maturation but also fertilization and subsequent embryo development [5].
Importantly, they include events that have a profound effect on intracellular signaling:
reorganization of the ER, increase in the number of IP3 receptors (and alterations in their
biochemical properties) on the surface of the ER, an increase in the amount of Ca2+ stored
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in the ER, and redistribution of the Ca2+-binding proteins in the intracellular stores [6]. The
fact that oocytes arrested at metaphase of their first meiotic division can produce Ca2+
oscillations similar to those found in MII oocytes imply that the ability of oocytes to display
long-lasting Ca2+ oscillations depends on changes associated with cytoplasmic, rather than
nuclear maturation [7]. It is generally accepted that oocytes collected from sows have better
developmental potential than those collected from prepubertal gilts [8,9], and more
adequate cytoplasmic maturation may be a factor responsible for this. Therefore, one way
to verify our findings would be to use sow oocytes and investigate if they regulate Ca2+
signaling in a similar fashion.
The developmental competence of the oocyte is also affected by follicle size. Oocytes
that originate from larger follicles (diameter >3 mm) have superior developmental potential,
and a significantly higher proportion of them (23%) was able to develop to the blastocyst
stage than those collected from small follicles (3%) [10]. Thus, we only aspirated the
medium size follicles with a diameter between 3 and 8 mm, and added FSH, LH and EGF
to the culture medium to promote the maturation of oocytes. In addition, when we used the
eggs to evaluate SOCE and the Ca2+ oscillations at fertilization, only about half of the eggs
each day were used for the abovementioned experiments, the other half was fertilized and
cultured to the blastocysts stage in another project. The average percentage of blastocyst
formation in the parallel project was 22.95%, which is similar to that reported by others
[10-12]. This suggests that we used developmentally competent oocytes in our experiments
that represent adequately the general swine oocyte population.
Because in vivo matured oocytes typically show higher blastocyst development after
fertilization (42%), another interesting aspect of our experiments would be to investigate
whether or not such oocytes regulate their Ca2+ signals in a similar fashion [13].
Nevertheless, pig oocytes matured and fertilized in vitro are able to establish a normal
pregnancy and produce live piglets [14]. What’s more, many cloned or genetically
modified piglets have been produced using in vitro matured eggs from pre-pubertal gilts
[15-17]. So, the results in this thesis probably represent the general mechanism that
regulates Ca2+ signaling at fertilization in the pig. Nevertheless, for a better understanding
how SOCE regulates the sperm-induced Ca2+ oscillations in the pig, in vivo matured eggs
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collected from sows could be used to repeat the experiments, which would provide further
evidence to support our conclusions.
In order to identify the mechanism that supports Ca2+ influx, we applied 3 inhibitors
(BTP2, Tetrapandin, SKF96365, and ML-9) to the eggs with empty Ca2+ store and
fertilized eggs with ongoing Ca2+ oscillations. Among them, BTP2 and SKF96365 are not
selective blockers and could stimulate other Ca2+ channels. Meanwhile, tetrapandin, and
ML-9 have been claimed to specific inhibitor for SOCE and STIM1-PM interaction by a
limited number of literatures [18]. Therefore, these inhibitors may need to be tested in eggs
of different species and more new blockers or activators of SOCE are also required to be
examined in eggs.
The activity of SOCE components were evaluated by overexpressing STIM1 and
ORAI1 in porcine eggs. We observed abnormal high-frequency Ca2+ oscillations in these
eggs and interaction between STIM1 and ORAI1 by FRET. As the proteins overexpressed
in eggs were fused with fluorescent proteins (mTurquoise2/mVenus as examples), several
controls are needed to completely eliminate biosensor-induced artifacts. Ideally, the
expression of the FRET biosensor should have no effect on cellular processes, which could
be judged by proper embryonic development after in vitro fertilization. But for this thesis
the embryo development after in vitro fertilization was not examined due to the limited
number of eggs expressing the proteins. But in previous studies in our lab, we have found
that the overexpression of STIM1 or YFP did not alter embryo development [19].
Additional controls could be useful to setup and optimize the measurements. First, eggs
expressing mTurquoise2 and mVenus only could be used to determine the minimum value
of FRET, while eggs expressing linked mTurquoise2-mVenus proteins could be expressed
in the cells to obtain maximum FRET [20]. Knowing these values in these controls may
allow us to find the incorrect image registration or the loss of FRET caused by
photobleaching in the eggs. Second, functional controls are also important to correctly
interpret the results [20]. As a functional control, one option would be to use STIM1
mutated in its EF-hand domain (D76A); such a mutation diminishes the ability of STIM1
to bind Ca2+ [21, 22]. In the scientific literature, such controls are not always described.
For example, when the researchers used FRET to detect lipids, ATP, cyclic GMP and cyclic
AMP in eggs, no control was clearly indicated and only the FRET changes in the eggs
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under different active states were indicated [22-25]. Nevertheless, in our study exogenously
expressed STIM1 and ORAI with specific mutations induced by site-directed mutagenesis
in their functional regions could be used as additional functional controls to demonstrate
that the changes in the FRET signal really indicate the interaction between the proteins.
This would clearly elucidate the role of STIM1 and ORAI1 in the regulation of the
fertilization Ca2+ signal in porcine eggs.
Regarding the study about the role of Mg2+ in regulating Ca2+ signals at fertilization,
we observed that Mg2+ negatively affect Ca2+ signals in porcine eggs at fertilization. But
we could not detect changes in Mg2+ level at the same time due to lacking method to
monitor both Mg2+ and Ca2+ in the same eggs. Genetically encoded calcium indicator could
be used to resolve this difficulty.

5.3

Future Directions

The repetitive Ca2+ signal has been proved to be responsible for the events of egg
activation in mammals. Great efforts have been devoted to elucidating the function and
regulation of the Ca2+ signal and dramatic progress has been made. But there are still many
unsettle debates regarding the initiation, maintenance, and termination of the fertilization
Ca2+ signal and its target proteins to perform its function in egg activation due to speciesspecific differences, or the lack of proper methods to detect the dynamic changes in real
time in the egg at fertilization.
Animal models have been used to study physiological activity or replicate human
disease for a long period, and the researches in rodents have provided a very important part
of reproductive knowledge. Meanwhile, the pig has several advantages over other animals
as a model to study reproductive physiology. First, comparative whole genome analysis
has revealed that the similarity in the genomes of pig and human is three times to that of
human and mouse [26]. Moreover, the porcine egg and embryo are quite similar to that of
human not only in size but also in the developmental stages. Additionally, most fertilization
failure in the mouse is caused by unsuccessful spermatozoa penetration, but in human and
pig eggs the cytoplasm insufficiency to support pronuclear formation is the main cause for
unsuccessful fertilization [27]. All of these advantages make the pig an alternative model
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to study the regulations in eggs at fertilization, which has a potential to benefit human
reproduction.
In the present thesis, we used porcine eggs as the model to investigate the mechanism
regulating the Ca2+ signals at fertilization. We have successfully utilized FRET to observe
protein-protein interactions that regulating Ca2+ influx in eggs at fertilization. Therefore,
FRET could be applied to detect more changes in eggs at fertilization. It has been proposed
that the molecule PLCζ delivered by sperm is responsible for the hydrolysis of PIP2 to
generate IP3, which can induce the release of Ca2+ from the ER during the first round of
the oscillations. The reporter of PIP2 activity based on FRET has been described long time
ago, it was created by fusing the fluorescence proteins to the pleckstrin homology (PH)
domain of PLCδ that binds to PIP2 [28]. PLCζ does not have a PH domain, but the EF hand
domain and the XY linker region probably serve as the PIP2 binding domains [29], and can
be used to generate a FRET-based PIP2 reporter to investigate the mechanism by which
PLCζ initiates the Ca2+ oscillations.
As presented in the current thesis, the evidences strongly suggest that in porcine eggs,
it is SOCE that sustains the oscillations at fertilization. On the other hand, the eggs
collected from a recent knockout mice model showed normal Ca2+ oscillations at
fertilization [30]. Due to the variation of gene editing methods and because the genomics
of different strains can affect phenotypes and gene regulation [31], it is still worth to
investigate Ca2+ channels operating in mouse eggs at fertilization. In addition, in human
oocytes, research could focus on analyzing the possible mutations in the genes involved in
Ca2+ signaling, such as the IP3 receptor, SERCA, PMCA, STIM1, and ORAI1, and
clarifying their relations with infertility. What’s more, the normal Ca2+ oscillations are
required for successful fertilization and subsequent embryo development. Thus, the
molecules that may promote the Ca2+ signals in eggs should be tested to determine whether
they can benefit the development of embryos produced by IVF.
It is generally accepted that Ca2+ oscillations drive the events of egg activation, but the
identity specific target proteins to achieve each event is not fully elucidated due to the
temporal activation of these molecules. With the techniques like FRET or FLIM
(Fluorescence-lifetime imaging microscopy), the interaction, phosphorylation and even
conformational changes of the candidates can be detected real time in living cells. Many
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probes have been developed to observe changes of structure, localization and modifications
in other cell types, so we will need to utilize more methods to investigate how Ca2+
regulates cortical granules exocytosis, the recruitment of maternal mRNA and the
transition from the second meiotic division to mitosis.
Few studies have been conducted to elucidate the termination of the Ca2+ oscillations.
In the mouse it has been reported that the formation of the pronuclei is required to end the
sperm-induced oscillations [32], and the mutation in the nuclear localization signal of PLCζ,
or the inhibition of pronuclear formation/import can prolong the Ca2+ oscillations [33].
However, no such date is available in other species. The end of Ca2+ oscillations represents
a successul transition from two highly differentiated germ cells to a totipotent embryo. So,
the feedback mechanism of Ca2+ signals may be involved in the synthesis of
reprogramming factors. Therefore, it is worth to research how the Ca2+ oscillations are
terminated several hours after the staring of fertilization.
The results in this thesis clearly showed that Mg2+ negatively affects the Ca2+
oscillations at fertilization leading to reduced embryo development. It was also observed
that TRPM7 may be involved in mediating the effects of Mg2+. The most recent studies
reported that in DT40 B lymphocytes, TRPM7 channel kinase regulates store-operated
calcium entry [4]. Meanwhile, Mg2+ may regulate the activity of TRPM7 channel through
the nucleotide-mediated inhibition on the kinase domain [34]. We proposed that TRPM7
plays a supportive role in the association of Ca2+ with STIM1. In the future, eggs with
downregulated TRPM7 levels could be used to assess its function in the maintenance of
resting Ca2+ level, Ca2+ changes in response to store depletion, and even the Ca2+
oscillations at fertilization.
There are still many unanswered questions regarding the events of fertilization and
significant efforts need to be devoted to revealing the process of fertilization at molecular
level. With the further researches in the future, we may eventually be able to find an answer
to the question “where are we humans coming from?”.
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